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The registration of intrathoracic pressure wth reason ai)le accuracj'- concerns 
man y fields of investigations. It has been a major problem for us in making the 
best available estimates of effective venous pressure. The principle enunciated 
by Henderson and Barringer (1) that effective filling pressure is not determinable 
by manometers equilibrated with atmospheric pressure, but that it must be calcu- 
lated as the algebraic difference between pressirre within and around the atria is 
unquestionably sound. It has become increasingly apparent, however, that 
owing to the complexity of pressure variations within and around the atrium 
certain refinements are required in the application of the principle. These con- 
cern evaluation of the two components — atrial or central venous pressure and 
extracardiac pressure. The evaluation of the former has been discussed on pre- 
^dous occasions (2, 3). This report is concerned chieflj with the question as to 
how pressures around the heart can be most satisfactorily and expeditiousty 
determined or estimated. 

On the assumption that the elastic retraction forces of the lungs are evenly 
distributed within the thoracic cavity it has been common practice to equilibrate 
venous with intrapleural pressures. We have long recognized the possibility 
that with procedures commonl}’' employed, technical errors may umUttingly 
enter which invalidate the measurement of intrathoracic pressure (3). We also 
were not satisfied that intrapleural pressures are comparable to those existing 
around the heart and that thej^ change directionally with them. Brookhart and 
Boyd (4) have recently investigated this question. They recorded atrial pres- 
sures differentially against pressures in air pockets or small balloons placed in 
various regions of the chest. They also recorded pressures in several different 
pockets differentially. 

Their meticulous studies seem to demonstrate 1, that the pressure in a lax 
balloon around the heart is higher than in pleural air pockets; 2, that the differ- 
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ence is accentuated during inspiration, and 3, that the difference is diroinished 
or abolished Avhen a partial pneumothorax is produced. The higher extracardiac 
pressure was attributed to distortion of lung tissue b}’’ the heart therebj’’ reducing 
its elastic pull. On the basis of such findings the authors properly question 
whether trae effective venous pressures can be calculated by the difference be- 
tween right atrial pressure and that in a lateral pleural pocket. 

This investigation, carried out during the spring of 1946, was concerned vdth 
the problems of determining 1, the natural pressures which exist in various re- 
gions of the chest; S, the forces concerned in producing regional pressure differ- 
ences; 3, the most favorable region for recording pressures which enable one to 
follow trends of effective venous pressure, and 4, evaluation of the validity of 
conclusions previousl}’’ dravm regarding changes in effective venous pressure 
during shock and hemorrhage. 

Experiences previous to this study. During the past six years manj’^ tests were 
made to assess the relative merits of different procedures. From these, certain 
principles evolved which eventually determined the choice of method used in this 
stud 5 \ Since these principles are also involved in comparing our results with 
those of others it seems advisable to recount them brieflj'. 

1. Perhaps the most common procedure for measuring intrathoracicpressure 
consists in inserting a tube or trocar connected to a water manometer or a cali- 
brated tambour through an intercostal space. Separation of the pleural la 3 ’'ers 
is then accomplished by admitting a small volume of air, purposely or surrep- 
titiously. If a water manometer is used a definite volume of air enters mechan- 
icall}’’, the amount depending on the diameter of the manometer tubes and the 
intrathoracic pressure. Since intrathoracic pressure varies during inspiration 
and expiration air passes to and fro, in this waj’’ vaiying the size of the air pocket. 
Pressures recorded from such air pockets are obviouslj’’ higher than intrapleural 
pressure, the magnitude of the difference depending on the size of the air pocket 
(5). Unfortunately, air pockets so created tend to alter in size owing to absorp- 
tion of air, surreptitious leakage, or shifts of air between pleural la 3 '’ers. ^\Tien 
tills occurs pressure readings alter, while true intrapleural pressure may remain 
the same. Air pockets of a similar nature maj^ be created around cannulae 
thrust deeply into the chest between pulmonaiy lobes until they come to lie be- 
tween pleural and pericardial layers. Air from such pockets tends to be dispersed 
even more quickh' by movements of the heart; consequently, pressure readings 
become veiy erratic. 

2. In earlj’’ studies of effective venous pressures one of us (G) deluded himself 
with the belief that differential pressures could be recorded from the right atrium 
and intrapleural cavities bj" connecting these to two limbs of a water manometer. 
In subsequent tests a differential optical manometer was substituted. In the 
latter, pressures could be recorded either separate!}’ or differential!}’. It was 
found that such differential ciuA’es frequently conceal important details of pres- 
sure changes and fail to detect accidental errors which are obvious at once when 
pressures are recorded separately. For example, if an atrial cannula accident- 
ally becomes occluded by a clot or by a .shift in its position, a differential curve 
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continues to be inscribed, but it is of course meaningless. We have had occasion 
to detect similar unnoticed errors in registration of differential pressures from 
several regions of the thorax owing to temporary displacement of cannulae 
through a deep breath. We therefore consider it safer to record each pressure 
directly rather than differentially. 

3. In order to avoid variations in size of air pockets previously mentioned 
we attempted to replace them with small rubber balloons filled with measured 
quantities of air or liquid. In our hands they yielded only unsatisfactory re- 
sults, particularly when placed in extra-cardiac regions. In the first place their 
introduction requires opening and subsequent closure of the chest. It is highlj’’ 
questionable from our experience whether natural pressure relations can be 
recreated in all localities of the thorax after its closure. It is almost impossible 
to remove all the air between pleural surfaces either through use of slow suction or 
by expansion of lungs under positive pressure. We suspect that even more air 
may be trapped between pleural surfaces and the pericardium. Unless such 
pockets are excluded in an experiment the pressures recorded from such areas by 
rubber balloons automatically become higher than under normal conditions. In 
the second place, partiallj'’ filled balloons must be used in order to obviate elastic 
forces of the rubber. According to Brookhart and Boyd (4), they should be 
flexible enough to adapt themselves to the contours of the heart and lungs. When 
such balloons are distended with small measured volumes of air only a part of the 
volume introduced can be withdrawn after closure of the chest, indicating that 
their cavity becomes divided or that the membrane occludes the cannula open- 
ings. Under the influence of the heart beat the balloon cavit}’- may similarly be 
divided at critical times, in which event one registers from balloon pockets of 
varying capacity. Finall}’’, pressure variations are recorded from balloons in- 
serted between the heart and lungs even when the chest is opened. Impacts 
from the beating heart which produces pressure changes are unavoidable. It 
is improbable that these difficulties can be overcome by the special technique 
employed by Brookhart and Boyd. Unfortunately, records of pressure changes 
which actually occurred in their rubber balloons were not published. Such 
records might have proved or disproved their claims that pressures between the 
lateral aspects of the pericardium and adjacent lungs were faitlifully recorded. 
On the other hand, artifacts that might have been present were apparently ob- 
scured in differential records taken, but some of these (e.g., their fig. 7) indicate 
tliat the effects of cardiac impulses were not entirely eliminated. At an 3 " event 
it seemed important to confirm their conclusions by other techniques. 

4. We have found that intrathoracic pressure can be recorded by calibrated 
optical capsules through air sj^stems without the introduction of more than very 
insignificant quantities of air. ikn intrapleural space can be created mechani- 
cally by pushing the visceral pleura and lungs inwards by a suitable thoracic 
cannula. The air which enters is limited by the slight depression of the rubber 
diaphragm of the segment capsule; it is certainly less than 1 cc. Similar airless 
pockets can be created mechanically in regions near the heart, as Dr. Werle 
ilemonstrated in 1942. In fact, our first conclusions regarding changes of effec- 
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tive venous pressure during hemorrhage and shock (2) were based on intra- 
thoracic pressures recorded from such pockets near the heart. Difficulty was ex- 
pei’ienced, however, in maintaining patency of such artificial cavities in deeper 
regions over long periods of time required in studies on shock. Hence, in most 
of our subsequent studies we resorted to registration of pressures from the right 
lower pleural cavit}^ with the technique outlined above. Admittedl}’-, the force- 
ful creation of such cavities also develops small tensions which cause recorded 
pressures to deviate slightly from actual pressures; but it is likety to cause less 
distortion than insertion of balloons and obviates opening of the chest with its 
consequences. 

5. We have also tried the expedient of studying effective venous pressures 
during shock and hemorrhage in animals with an induced partial pneumothorax 
which equalizes pressures throughout the thoracic cavit}'-. While a few gratif 3 ''ing 
experiments have thus been realized, two difficulties tend to complicate the 
course of events: 1, the pneumothorax may extend to the opposite side at an 
inopportune time; 2, as a result of reduced lung inflation the hyperpnea which 
follows a massive hemorrhage becomes greatlj" intensified and interferes Avith 
satisfactoiy registration of cardiovascular pressure changes. The possible in- 
duction of anoxemic hypoxia must also be conceded. 





Fig. 1 

Procedure. In this investigation pressures Avere recorded from A'^arious 
regions of the thorax according to the principle outlined above, i.e., b}’' mechan- 
ical creation of artificial caAuties AAuthout introduction of more than insignificant 
Amlumes of air. A thoracic cannula designed man}^ 3’'ears ago for routine labor- 
atoiy use but equipped AA'ith a stopcock AA'as employed. It is shoAAm in figure 1. 
The flattened head has tAA'o openings on each side. The tip is rounded suffi- 
cientlj^ so as not to puncture tissues, but pointed enough to be thrust through the 
intercostal muscles after a preliminaiy incision through the skin and fascia. An 
intrapleural caAuty is created b}’’ mereh^ pushing the Ausceral pleura and lung 
tissue iuAA'ard. B3" practice, the flat nose can be inserted betAA'een lobes of the 
right lung and located in A^arious extracardial regions. By turning the cannula 
a caA'it3'' can be created. The tension of intercostal muscles tends to seal the 
cannula, but it is adAusable to use a pui’se-string suture or a liberal application of 
adhesiA'e paste as an added precaution. Connections are made through a leak- 
proof .sA'stem with an optical segment capsule. The S3'stem must be tested re- 
pcatcdl3' for leaks. Ba- closing the stopcock at the cannula, calil^ration of the 
cap.«ules can be carried out under static conditions b3' connection Avith a AA-ater 
manometer. It is important that entiy of air during calibrations be meticulousl3" 
aA'oided. Tliis happens, for example, if the cannula stopcock is closed AA'hile a 
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negative pressure exists in the recording capsule and tubing and reopened after 
calibration at atmospheric pressure. 

Dogs anesthetized ivith morphine and sodium barbital were used. Fifteen 
expei’iments were performed. Each experiment had two objectives: 1 , to com- 
pare pressure variations simultaneously in three of eight different regions of the 
thoracic cavity, and 2 , to compare effective venous pressures calculated by use of 
intrathoracic pressure values derived from a number of regions. In these experi- 
ments right atrial pressure was inscribed by a Gregg type of manometer. The 
regions of the chest cavity investigated are diagraramatically indicated in the 
sketch of figure 2. The registrations are designated as pressure leads. Leads 1, 



2, and 3 were recorded from cannulae introduced via fissures between lung lobes 
so that they lay 2 to 3 cm. to the right of the right atrium, ventricular base, or 
lower part of the right ventricle, respectiveb^ Lead 4 was taken from the right 
pleural cavity in the fifth or sixth intercostal space. Leads 5 and 6 were recorded 
respectively from the left pleural cavity in the region of the second intercostal 
space and from a region near the apex of the heart. Lead 7 connected noth a 
left supra-diaphragmatic pocket. Lead 8 connected with a pocket made in 
tissue of the superior mediastinum. A sound was pushed gently from the neck 
along the large vessels as far into the thorax as possible. This procedure con- 
stituted ah unsuccessful experimental attempt to discover an upper route to the 
base of the heart. 

Results. TjTiical pressure changes in the eight different regions shoum in 
figure 2 are illustrated by triple records in figures 3 to 6. Figure 2 also indi- 
cates the numbers of subsequent figures in which records by each lead are shown. 
In comparing pressure changes thus produced around the ventricles with those in 
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the pleural caAuties it is important to develop conceptions as to hoAv respiratoiy 
and cardiac phenomena integrate in various regions of the thorax. 

Figure 3 shoAVS simultaneous pressure changes around the right atrium (1), 
right A^entricle (3), and left loAA'er pleural caAuty near the left A^entricular apex 
(6). A casual inspection of the records reA'^eals that the pressures do not merel}'’ 
fall and rise AA'ith inspiration and expiration; on the contrary, the}" are character- 
ized bj" definite cardiac oscillations even during expiratory apnea. These can 
equal A^alues of 20 mm. HoO. They vary in magnitude and duration at simul- 
taneous moments of s 3 "stole and diastole in different regions. The duration of 
atrial sj^stole (AS) and A^entricular s 3 "stole (VS) are approximately indicated on 
one of the beats. It is apparent that the directional changes A"ary at simultan- 
eous moments. Thus the pressures tend to decrease initially during A"entricular 
s 3 "stole around the right atrium (1, also 2 in figure 6), but increase initiall}" 
around the right A"entricle (3). The main trend, hoAA^ever, is for pressure to rise 



during s 3 "stole around the right heart (1, 3) in contrast to areas around the apex 
(6) in AA'hich it decreases. These A'-ariations around the heart are obAoousl}" due 
to changes in A"olume and position of the A^entricles as they beat. When trans- 
mitted to the lungs and pulmonaiy air passages the}" are responsible for the AA'ell- 
knoAATi cardiopneumatic effects. The effect of inspiration, also illustrated in 
this record, cannot be anatysed as a simple reduction of pressure; it consists 
rather of gross defoimations of the cardiac A"ariations. Consequent!}", the max- 
imal decrease in pressure around the heart depends not only partly upon the force 
of inspiration, but also on the phase of any cardiac oscillation Avhich happens to 
fall at the end of an in.spiration. Such A"ariable pressure changes obA"iously make 
it impo.'^sible to assign any specific numerical A"alue to pressures around the heart 
AA’hich AA OuId be helpful in calculating e(fectiA"e A"enous pi essurc 

If Ave take any empirical point, such as indicated in figure 3, the e.xpira- 
tory pressures in leads 6, 1, and 3 are —GO, —72, and —64 mm. HjO respectively. 
These decrease to —210 —184, and —128, mm. HjO re.spectiA"ely at the end of a 
deep inspiration. In other Avords, inspiration reduces intrathoracic pressure 
further in the left pleural cavity than around the right atrium and far more than 
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that around the right ventricle. This is partly due to the fact that the end of 
inspiration coincides ^Yith the more pronounced cardiac drop in lead 6. 

In figure 4-A the pressure variations in the left lower pleural cavity (6) already 
analyzed may be compared with those of the lower right pleural cavitj' (4) and 
with those in the mediastinal tissues (8). The cardiac variations present in the 
latter are probabh' occasioned by pulsations or tugs of larger vessels. The right 
lower intrapleural space (4) is apparently devoid of cardiac oscillations; these are 
apparently not transmitted, either because they are damped out by the spongy 
lung tissue or because their energy is dissipated more easily through air passages 
(cardiopneumatic effects). This would seem to indicate that right lower pleural 
pressures reflect more nearl 3 ’- intrathoracic pressure changes produced bj^ re- 
traction of lungs as modified bj' skeletal muscle tonus or contraction, thoracic 
blood content, and lung elasticity. It may be added parenthetically that the 

A B 



smooth character of right lower pleural records was another reason why we 
changed to the use of such pressures in estimating effective venous pressure during 
our studies on hemorrhagic shock. 

Measurement and comparison of pressures in different leads indicate that in 
this animal left lower pleural pressuse was much less negative than that on the 
right side. This is exceptional and a surreptitious leak of air may be suspected. 
However, this difference was approximate^’’ maintained during maximum in- 
spiration. The sub-atmospheric pressures in the thoracic cage are apparentlj’’ 
not transmitted to the mediastinal tissue during expiration, but a small decrease 
develops during inspiration. The small positive pressure -fS mm. H 2 O is 
within experimental limits of measurement. It is apparent at once that cuiwes 
recorded from mediastinal tissue are whollj’’ unsatisfactory for evaluation of 
intrathoracic or effective venous pressures. 

When a partial pneumothorax is produced pressures become equalized in 
different areas. This is illustrated bj-- segment B from the same experiment after 
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partial collapse of the lung b}'' injection of air. Not only are the right and left 
pleural pressures equalized during inspiration and expiration but these changes 
affect registrations from the mediastinal spaces. Since dogs breathe adequately'' 
v'ith such partial collapse of the lungs the study of effective venous pressure in 
animals Adth a partial pneumothorax may proA'e a valuable expedient in types of 
experiments AA'hich do not inA'oke a state of pronounced hyqjerpnea. 

Figure 5-A shoAVS simultaneous intrathoracic pressure changes from the left 
upper thoracic caAuty (5), around the right atrium (1), the right loAver pleural 
cavity' (4), and the right atrium (9). In this experiment inspiratory and ex- 
piratory' pressures AA'ere measured at the very' end of diastole for reasons explained 
later. 

The numerals on the record shoAV that right loAver pleural pressure (4) is only 
4 mm. HoO higher than extracardiac pressure (1), and that the reduction during 
inspiration is only 6 mm. HjO more than around the atrium (1). Experiments 
such as these indicate good transmission of negative pressure created by muscular 
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action to areas around the heart. On the other hand, the upper left thoracic 
cavity' AA'ith an identical expiratory pressure (5) is reduced much less during in- 
spiration, presumably' because of lesser expansion of the upper thorax. 

Figure 5 ^Iso serves to illustrate certain difficulties in making pressure com- 
parisons and expedients that may be employed to OA'ercome them. Since atrial 
pressure (9) also manifests complex pressure variations due to integrating cardiac 
and respiratory' actions, the quandary arises as to hoAV and AA'here these atrial 
and extracardial pressures should be measured in calculation of effective venous 
pressure. Several procedures hav'e suggested themseh'es and have been tried. 

J. One may' determine tlie mean atrial pressure for a definite period by' inte- 
gration of curA’es or estimations leased on registered pressures. In such event it 
is obAnously' necessary' to detennine also the mean pressure A'ariation around the 
heart for the same inten'al. This has been done in the cun'es 1 and 4 of figure 
5-A AA'hich haA'e been retraced in figure 5-B. On these cun'es the mean values of 
—88 and —100 mm. IToO are also indicated. They' rev'eal that the average 
pressure around the heart for the inten'als indicated are about 12 mm. higher 
than in the loAver right thorax. Mean A'cnous pressures Avcre not calculated, but 
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it is obvious that estimations made from tbis particular experiment would have to 
take these mean pressure differences into account if absolute values for effective 
venous pressures and not merely trends are wanted. It remains questionable, 
however, whether such calculations of effective venous pressure really represent 
the true filling pressures. At an 3 ’’ event, estimations made in this way seem to 
have too little value in cardiodjmamics to warrant the trouble involved. 

2, We have previously pointed out (2) that mean atrial pressure measured 
during diastole of a selected beat is probabty of greater significance as far as 
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ventricular filling is concerned. The pressure which exists in the atrium during 
ventricular systole is obviously not concerned in filling. Consequently, it 
would be a better procedure to determine the mean pressure during diastole of a 
single heart cycle both within the atrium and in an intrathoracic pressure curve. 

S. Since the magnitude of ventricular filling, i.e., ultimate diastolic size, is 
actually determined by the pressure difference at the end of diastole — ^i.e., after 
termination of atrial sj^stole — the instantaneous pressure which exists at this mo- 
ment probably constitutes a reasonable and certainl}’- the simplest criterion of the 
venous pressure component. Since this point was labeled Z on atrial pressure 
curv’es in an earlier communication (2) we shall refer to it as the Z pressure. The 
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algebraic difference between this instantaneous atrial pressure and that which 
which exists simultaneously around the heart determines the effective venous 
pressure for that beat. The pressure measurements indicated in figure 5-A 
were actually made in this wa}'', but the procedure is illustrated better by refer- 
ence to figure 6-A. In this figure simultaneous records are shown which were 
derived from the left supra-diaphragmatic region (7), from a region around the 
right ventricular base (2), from the lower right pleural cavity (4), and from the 
right atrium (9). The line Z is dravm through all the curves at the end of atrial 
systole and demarcates simultaneous Z pressures. The curves show a reduction 
in all Z pressures during inspiration, the values being inscribed directl}'’ on the 
curves. It will be noted that the effect of an inspiration consists in reducing 
the Z pressure of the first two beats in lead 2 by 3 and 1 1 mm. respectively, whereas 
the Z pressure of corresponding beats in lead 4 is reduced by 3 and 10 mm. respec- 
tivel 3 \ The reduction in left sub-diaphragmatic pressures (7) on the other hand 
is much greater. This illustrates again the accuracy with which changes of 
intrapleural pressure produced by muscular action are transmitted from pleural 
surfaces to the interior of the chest. 

The effective venous pressure calculated for successive beats in relation to 
values derived from lead 7, 2, and 6 respectively are plotted in figure 6-B. They 
show as good correspondence as can be expected from calculations based on use 
of leads 2 and 4, but even show an opposite trend when values from lead 7 are 
used. 

The analj’’sis of manj'- records such as these has revealed that instantaneous 
Z pressures taken at the end of an expiration or during a short expirator}' pause 
agree Avithin 5 mm. H 2 O in A’arious regions around the right ventricle (leads 1, 
2, 3), and in 13 experiments aA'^eraged only 9.3 ± 1 .4mm. H 2 O higher than that 
in the right lower pleural caAutj’'. 

Discussion. Our analysis of pi-essure relations from eight different thoracic 
regions, only samples of which can be presented, led to definite conclusions vdth 
regard to their emploj^ment in calculations of effective venous pressure. 

Owing to the intricate integration of cardiac and respirator}'- pressure variations 
which occur in certain regions of the chest, .special e.xpedients are required in 
order that pressures in different regions may be compared. We have tried to do 
this by using aA^erage pressures OA’-er a period of time, mean diastolic pressures of 
a selected beat during expiration, and the Z pressure, i.e., the instantaneous pres- 
sure at the A'ery end of diastole. The latter has proA’^ed most informatiA^e and is 
at the same time a simple measurement. 

B}' use of all these criteria aa'c haA’-e confirmed the conclusions of Brookhart and 
Bo3^d that pressures A’ary sufficiently in different regions of the thorax so that 
indiscriminate use of pleural pressures can lead to gross differences in calculations 
of effectiA'e A'enous pressure and eA-en to opposite trends. Careful studies have 
shoAA-n, hcAA'CA^er, that the pressures in the right loAver pleural cavity correspond 
closely enough to pressures around the right heart to be serA’iceable for calcu- 
lation of effectiA'c venous pressures, proA’^idcd proper measuring technique is used. 

In fact it appeal's probable that right pleural pressure represents the funda- 
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mental effects produced by changes in tonus and contraction of right-sided 
respiratory muscles undistorted by phasic pressure changes contributed bj’’ the 
heat of the heart. We have pointed out in discussions of figures 5 and 6 that the 
effects of inspirations are faithfully transmitted to the pericardial surfaces and 
that deviations in the extracardiac pressure are probabl}’’ due to superposition 
of cardiac variations. Since the latter represent dissipated cardiac energy, it 
remains questionable whether uncomplicated intrapleural or complicated 
extracardiac pressures represent the intrathoracic component more reliabty in 
estimations of effective venous pressures. At any event, anj’’ theoi’etical ad- 
vantage of using extracardiac pressures for determining the intrathoracic com- 
ponent of effective venous pressures is offset by the practical drawbacks, a, that 
the pressure varies somewhat in diffei’ent regions of the ventricle, and h, that it 
is more difficult to maintain a free opening of cannulae in the interior of the chest 
when experiments last for a number of hours. 

Our results confirm the observations of Brookliart and Boj^^d that pressures 
around the heart are generallj’’ less sub-atmospheric than in many pleural regions. 
As accurately as determinable, the difference is of the order of 10 mm. H 2 O as far 
as the right lower pleural cavity is concerned. It is our opinion that the some- 
what higher extra-cardiac pressure is not occasioned as Brookhart and Boyd post- 
ulate. They attribute it to the fact that the heart and mediastinal structures 
prevent the lungs from assuming a freely inflated state in the interior of the chest, 
thus reducing the effective retractive force exerted on pericardial stiaictures. 
Were tliis the case, the increased negative pressure created in the right lower 
pleural caidty during inspiration would hardly be transmitted to regions around 
the heart as faitlifully as indicated in figures 5 and 6. Their arguments and ex- 
perimental evidence would seem to apply to conditions in which additional or 
unnatural obstruction exists, not to the anatomical structures alreadj’- in the chest. 
It is well known that during growth the lungs have shaped themselves so as to 
conform to the solid structures in the middle of the chest. It is conceivable that 
pathological dilatation of the heart which develops after the lungs have been 
shaped to the normal structui-es might operate to obstruct inflation of the internal 
sui’faces of the lungs. It is altogether improbable, however, that this plays an im- 
portant role normally, or under expeidmental conditions with which we have 
been concerned. It is our opinion that the superimposed cardiac variations are 
responsible for elevating pressures produced liy pull of the lungs around the heart 
to a certain degi-ee. 

Conclusions. On the basis of our studies we conclude that, although effec- 
tive venous pressures cannot be calculated with finite accuracy, computations 
based on emplojunent of right lower pleural pressures are fully as reliable as most 
of our biological data. We favor continued use of right lower intrapleural pres- 
sures because 1, it remains debatable whether extra cardiac pressures represent 
the truer component, 2, the registration of the latter offers greater chance of 
error in prolonged experiments and S, properly calculated changes of right intra- 
pleural pressure vary directionally and fairly proportionateh' uith pressures 
around the heart. 
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SUMMARY 

1. Technical errors introduced by various procedures employed to measure 
intrathoracic pressures, such as creation of air pockets or introduction of balloons, 
are discussed. 

2. Intrathoracic pressures ■were recorded by optical capsules from 8 separate 
regions of the heart by a method which requires introduction of very minimal 
quantities of air into mechanically created pockets. 

3. Records of intrapleural pressure from the upper regions of the left side and 
lower regions of the right side of the thorax consist of smooth curves of sub- 
atmospheric pressure which decrease further dui’ing inspiration. Changes in 
these pressures are occasioned by modifications in tonus and contraction of 
respiratory muscles, blood content of the chest, and elasticity of lung tissue. 

4. Records from artificial pockets around the right heart and in the left lower 
pleural spaces adjacent to the apex of the heart show superposition of con- 
spicuous cardiac ■\''ariations on respiratory variations. It is suggested that these 
superadded variations rather than distortion of lung tissue by the heart and 
mediastinum are responsible for the existence of somewhat higher pressures 
around the heart than in "the pleural cavities- 

5. In order to compare variable pressures around the heart with constant pres- 
sures found in some pleural leads special methods for comparison were devised. 
Of several methods tried, comparison of instantaneous pressures at the end of a 
selected diastole, or so-called Z pi-essure, is an adequate and simple procedure 
which is easily related to atrial pressures as well. 

6. Comparison of such Z pressures in various intrathoracic regions reveals 
that pressures recorded from the right loAver thoracic cavity are onl}’’ about 10 
mm. HoO Ifigher than those derived around the right heart and change direction- 
allj’- with them. Since it remains a moot question as to which of these represent 
the truer intrathoracic component, such records may certainly be used in calcu- 
lating trends of effective venous pressure. The error involved is no greater than 
exists in most of our biological data. Intrathoracic pressures recorded from the 
upper regions of the chest, from the whole left side or regions above the diaphragm 
and from the mediastinum, are unreliable for one reason or another. 
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Anatomically, the anterior cardiac veins, the coronary sinus and its tribu- 
taries, all emptying directly into the right atrium, and the Thebesian and other 
vessels communicating with the heart cavities, constitute the major potential 
venous drainage pathways of the heart. The extent to which each contributes to 
the venous drainage of the heart has been the subject of many investigations. 
Numerous physiological studies have formed the basis for the belief that blood 
from the right coronary artery is ultimately drained almost entirely by way of 
the Thebesian vessels emptying into the right heart (1-3), while blood from the 
left coronary artery is drained largely through the superficial veins of the left 
heart into the coronary sinus (4-b). The" results of the same studies have also 
led to the presumption that the extracoronary sinus drainage occurs almost 
entirely by way of the Thebesian channels into the heart cavities. The evidence 
for these conclusions has been based largely on experiments with heart-lung and 
isolated heart preparations, in which the quantitative and cyclic changes in 
pressure gradients between different parts of the coronary vascular system and 
the heart chambers could be significantly altered as the result of the procedures 
and methods employed. In none of these experiments was the venous drainage 
from the anterior cardiac veins emptying directly into the right atrium measured 
separately or adequately separated from the so-called “Thebesian drainage.” 
With the present knowledge of the important role played by the anterior cardiac 
veins (7), certain revisions are necessary regarding the functional pathways for 
coronary outflow. For example, in the anesthetized, open-chest dog, blood from 
the right coronary artery drains for the most part, and in some instances almost 
entirely, by way of the anterior cardiac veins to the right atrium, and not pri- 
marily through Thebesians as previously held. Because of this fact, and in 
Anew of the extensive anastomoses between the anterior cardiac veins and those 
superficial veins which ultimately empty into the coronary sinus (7), it is 
obvious that coronary sinus occlusion alone vdll not necessarily force coronary 
venous blood to drain exclusively by way of Thebesian channels. Hence it is 
necessarj’- to re-evaluate several concepts regarding the coronary venous circula- 
tion in the light of more recent experimental studies. Of the studies presented 

' The expenses of this investigation were defrayed by a grant from the Commonwealth 
Foundation. 

* Present address: Medical Department Field Research Laboratory, Fort EAox, Ken- 
tucky. 

’Present address: Lilly Laboratory for Clinical Research, Indianapolis City Hospital, 
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here, a part is complete, and a portion is of an exploratoiy nature to point the way 
to future work. 

Studies and Procedures. The studies include a) determination of venous 
drainage into the coronaiy sinus and anterior cardiac (AC) veins vdth considera- 
tion of source, volume and constancy of the relationship to coronarj^ inflow 
under a variety of cardiodynamic states, and h) the effects on the heart of acute 
and chronic occlusion of the major superficial cardiac veins of the right and left 
heart, either separate^ or together, as revealed by injection of the hearts post- 
mortem, measurements of coronaiy inflow and utilization of alternate pathways 
of venous drainage. For this, using anesthetized, open-chest dogs, blood flow 
determinations were made in different coronary arteries and veins by means of 
visual (8) and optical recording (9) rotameters, and by the orifice meter (10). 
Intravascular and intraventricular pressures were recorded optically by Gregg 
pressure manometers (11). The application of these instruments, the prepara- 
tion of the animal, and vessel cannulation have been described previousl}^ (12). 
Further details are contained in the text. 

Results. Venous drainage into the coronary sinus. From the anatomical 
distribution of coronar}^ veins over the left ventricular surface it would be ex- 
pected that the coronary sinus into which they drain would receive the major 
portion of the blood originallj'’ supplied by the left coronary arteiy. The situa- 
tion in the left heart would then be analagous to that in the right heart, in which 
the prominent anterior cardiac veins were suspected of being, and found to be, 
the major di-ainage s 3 '’stem for blood supplied by the right coronaiy arteiy. To 
measure coronary sinus flow, a cannula was inserted into the right atrium, passed 
into the sinus and tied in place. A second cannula was tied in the right atrium 
near the inferior cava. A rotameter was then interposed between the two 
cannulae to complete the sinus-to-atrium circuit. The left coronary artery 
inflow, and/or the right, was measured simultaneous!}’’ by a second rotameter, 
the cannula for which was tied into the coronary orifice as previously described 
( 12 ). 

With this technic, it was found that almost all the coronaiy sinus flow arose 
from the left coronaiy artery. Temporary clamping of the left coronaiy arter}^ 
at its ostium immediately reduced coronary sinus flow to values approximating 
2 to 3 cc/min., or 5.0 to 7.5% of the original flow values (12 determinations in 4 
experiments; see table 1, exp. 1, 20 a). In 3 additional experiments, temporaiy 
occlusion of the right coronary artery alone reduced coronary sinus flow b}^ a 
detectable amount in onl}’’ 2 of 11 determinations, even when right v^entricular 
pressure was considerably elevated b}’’ mechanical constriction of the puhnonar}" 
arter}'^ (table 1, exp. 3, 8, 21). However, when temporaiy occlusion of the 
right coronary is superimposed on an existing left coronary occlusion (3 experi- 
ments, 5 determinations), the coronarj’’ sinus flow dropped slightlj’’ more by fall- 
ing further from 2.0, 2.5, 2.5, 3.0 and 3.0 to 1.0, 1.0, 1.0, 1.0 and 1.5 cc., thus in- 
dicating that possibly 1.0 to 2.0 cc. of blood was entering the coronary sinus from 

■* In 4 e.\periments (4 determinations), temporarj" occlusion of the coronary sinus also 
failed to cause a reduction in right coronary inflow. 
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the right coronary artery under the favorable conditions imposed by left coronary 
occlusion (table 1, exp. 2). This small drainage of the right coronary artery into 


Table 1 



MEAN AORTIC 

ARTERIAL 

VENOUS 

INFLOW 


EXP, 

PRESS. 

INFLOW 

OUTFLOW 

OUTFLOW 

REMARKS 


Before ' 

During 

Before 

During 

Before 

During 

Before 

During 



mmJIg 

mm.Bg 1 

■■c.lmin. 1 

:c./min. i 

'.c.lmin. 1 

zcjmxn. 

% 

% 





Left cor. 

Cor. sinus 




1 

85 

85 



55.0 

2.0 



Effect of clamping left coro- 










nary artery on coronary si- 
nus flow 

2 

85 

85 



55.0 

1.0 



Effect of clamping right and 










left coronary arteries on 
coronary sinus flow 

3 

78 

78 

45 

47 

35 

37 

78 

79 

Effect of clamping right coro- 










nary artery on cor. sinus 
flow following pulmonary 
art. constriction ffi] 

4 

70 

67 

49 

60 

36 

42 

73 

70 

Effect of pulmonary artery 




1 






constriction (4 min.) with 
partial aortic blood pres- 
sure compensation* 

5 

90 

52 

55 

54 

40 

42 

73 

78 

Effect of slow spontaneous 










fall in aortic blood pressure 
(20 min.) 

6 

55 

55 

62 

85 

43 

60 

69 

71 

Injection of 0.1 cc. theamin 










into left coronary artery 

7 

j 70 

70 

67 

55 

45 

0 

67 


Effect of clamping coronary 










sinus on left coronary ar- 
tery inflow 



- 

Rt. & left 

Cor. sinus 







cor. 






8 

60 

60 

71 

60 

46 

46 

65 

77 

Effect of clamping right coro- 










nary on coronary sinus 
flow 

9 

70 

71 

60 

86 

40 

58 

66 

67 

Effect of pulmonary artery 










constriction (7 min.) with 
aortic blood pressure com- 
pensation* 




Rt. 

cor. 

AC veins 




10 

70 

70 

7 

19 

2.6 

13.0 



Pulmonary artery constric- 










tion vs. AC vein flow. 
Flow measured in 1 of 3 
major AC veins. Approx. 
50% of AC flow from right 
coronary artery 


the coronarj’- sinus is somewhat less than that reported by others using the heart- 
lung preparation (13, 25). The residual and just detectable coronary sinus flow 
remaining after essential!}" complete acute coronar}" artery occlusion presumably 
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mm.Ug 

mmMs 

Icc.lmin. 

cc./min. 
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% 
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n 

90 

92 

S 1 

11.5 

5.0 

11.0 



Pulmonary artery constric- 










tion. Flow measured in 
1 of 3 major AC veins. 
Approximately 70% of AC 
flow from right coronary 
artery 

12 

95 

92 



4.2 

13.2 



Coronary sinus occlusion (4 




1 






min.) on AC vein flow. 
Flow measured in AC vein 
nearest pulmonary conus 

13 

90 

90 



6.6 

12.6 



Coronary sinus occlusion (2 




^ 1 

1 





min.) on AC vein flow. 
Flow measured in 3 of 4 ma- 
jor AC veins 

14 

67 

67 

16 

19 





Pulmonary artery constric- 



1 

1 






tion vs. rt. cor. flow with 
all major AC veins previ- 
ously ligated. Rt. ven- 
tricular pressure rose from 
15/0 to 30/2 mm, Hg 

16 

72 

72 

9 

12.5 





Pulmonary artery constric- 










tion vs. rt. cor. flow with 




j 




i 


all grossly visible AC veins 
and cor. sinus previously 










ligated (5 min.). Rt. ven- 
tricular pressure rose from 
13/0 to 42/2 mm. Hg 




Left circ. 






16 

103 

102 

20 

21 




1 

Coronary sinus occlusion (6 







1 



min.) vs. left circ. flow 
(minimal effect) 

17 

80 

80 

20 

16 





Coronary sinus occlusion (3 










min.) vs. left circ. flow 
(maximal effect) 


'92 

1 

; Right cor. 






18 

90 

14 

6 





Occlusion of major AC veins 



1 







vs. right coronary flow 
(maximal effect) 

19 

1 

100 

9o 

11.5 

11.6 

1 




Occlusion of major AC veins 
vs. right coronary flow 
(minimal effect) 




Right cor. 

Cor. sinus 



20a 

105 

105 

13.0] 

15.0 

63.0 

3.0 



Effect of clamping common 


1 








left coronary artery on 
coronary sinus flow 

206 

105 

105 

15.0 

0 

3.0 

1.5 



Right coronary clamped af- 










ter previous clamping of 
left coronary 

21 

68 

68 

14.5 

0 

34.0 

30.0 



Effect of clamping right coro- 










haiy' artery on coronary 
sinus flow (maximal effect) 


•Aortic blood pressure compensation was accomplished by manual adjustment of a clamp 
placed on the lower portion of the thoracic aorta. 
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arose from small tivigs of the coronary arteries, which were always found (^by 
postmortem injection and inspection) to he central to the sites of coronary artery 
occlusion. 

Although essentially all the blood in the coronary sinus appears to arise from 
the left coronary artery, not all the left coronary inflow leaves by this channel. 
Measurements in 3 different experiments revealed that 64 to 83% of the blood 
from the left coronary artery drained tlirough the coronary sinus (determined 
during temporary occlusion of the right coronarj’’ artery). These results are in 
general agreement with previous obsen’-ations by others using the heart-lung and 
isolated heart preparation (13). 

Early investigators, using heart-lung preparations (4-6), observed that coro- 
nary sinus outflow indicated semi-quantitatively the changes but not the magni- 
tude of left coronary or total coronary inflow. More recent investigators (2, 
15-17) have challenged the general application of this relationship on the basis 
of experiments performed with the heart-lung preparation, isolated heart, 
fibrillating heart and the perfused dead heart. From a practical standpoint the 
issue would seem to be of httle import, since simple and adequate methods are 
now available for the direct measurement of coronary inflow. However, in view 
of the quite urmatural preparations which were generally used, the abnormal 
pressure relations created in many of the experiments, and because in some in- 
stances the deductions were made on the basis of indirect evidence, it was of in- 
terest to repeat certain experiments under conditions in which the normal 
physiological state of the heart was disturbed as little as possible. 

For the following, only 2 animal experiments Avere performed, representing 
a total of 60 observations. With rotameters to measure coronary infloAV and 
coronary sinus outfloAV, the effects of various procedures were determined. 
Changing aortic blood pressure, elevation of right ventricular pressure, saline 
and blood infusion and the intra-arterial injection of drugs did not greatly alter 
the relationship of coronaiy sinus outflow to left coronary inflow, and in no in- 
stance Avould a significant change in left (or total) coronary inflow have been 
incorrectly indicated by the corresponding coronary sinus outflow. In one ex- 
periment the coronary sinus floAV constituted 79% of left coronary inflow (± 
3.8); in the other experiment this value was 73% (it 2.6). Also, in the latter 
experiment coronary sinus floAv equaled 64 to 68% of total coronary inflow (6 
determinations). (See fig. 1 and table 1, exp. 4-6, 9). 

The observations on this relationship during constriction of the pulmonary 
arteiy are of particular interest. Johnson and Wiggers (15), Katz, Jochim and 
Bolming (14), Moe and Visscher (2), and Visscher (17) have stressed the impor- 
tance of right Amntricular pressure in modifying coronarj’- floAv. Primarj’- em- 
phasis is placed upon the reasoning that elcA'-ation of right ventricular pressure, 
by increasing the resistance against AA’hich the Thebesian vessels may discharge 
A’-enous blood into the right A’entricular cavity, causes a diminished blood supply 
to the right heart. The observed concurrent increase in coronarj’- sinus outflow- 
AA-ith elevation of right ventricular pressure is interpreted to indicate that blood 
IS shunted aAvaj^ from the Tliebesians of the right heart, or that there is an 
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actual retrograde flow of Thebesian blood from the right ventricle to veins empty- 
ing into the coronary sinus. IVhile such deductions may conceivably apply 
under hemodynamic conditions artificially induced in certain types of prepara- 
tion, they do not constitute a logical explanation for the findings obtained under 
more nearly normal physiological conditions. As already indicated, recent 



Fig, 1. Graph showing relationship of common left coronary inflow or total coronary 
inflow (ordinate), and coronary sinus outflow (abscissa), under different dynamic condi- 
tions. Dots and triangles, common left coronarj' inflow in 2 e.xperiments. Circles, total 
coronary inflow (right and left). Dots at end of arrows, common left coronary inflow 
after clamping right coronary artery. 


studies uith the heart beating in situ have demonstrated that most of the venous 
drainage of the right heart is through the anterior cardiac veins rather than 
through Thebesian channels to the right ventricle (7). In the present studj^ 
elevation of right ventricular pressure increased both right and left coronarj^ 
inflows considerably (24 experiments), which fact alone is sufiicient to account 
for the increased coronarj’- sinus outflow (table 1, exp. 4, 9-11). In addition, the 
flow through the anterior cardiac veins increased greatlj^ (table 1, exp. 10, 11). 

Tliese results indicate that in any one experiment, with reasonably normal 
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hemodynamic^conditions prevailing, changes in coronary sinus flow may serve as 
a directional indicator of left coronary inflow (and presumably also of total 
coronary inflow), although the actual volume of coronary artery flow carmot be 
accurately predicted since the relationship of coronary sinus flow to coronary 
artery flow may vary in different experiments. 

The experiments of Katz, et al., (14) demonstrating that the coronary sinus 
outflow may exceed total coronary inflow, would seem to have httle physiological 
significance in that they indicate what can be made to happen in the heart by 
creating highly abnormal and unphysiological pressure gr-adients. As already 
indicated in experiments with hearts beating in situ-, a temporary occlusion of 
both coronary arteries decreases coronary sinus outflow to almost zero within 
10 to 20 seconds (observations made before beginning of fall in blood pressure, 
table 1, exp. 2, 20 b). If significant retrograde flow through the Thebesian 
vessels were possible within physiological limits, the pressure gradients between 
the ventricular cavities and the coronary vessels should be optimal for its demon- 
stration during the period of complete occlrrsion of the coronary arteries. This 
confir'ms the findings of Stella (18). 

Venous drainage into the anterior cardiac veins. The functioning of these 
venous clramrels in the open-chest, anesthetized dog has been partially consid- 
ered previously (7). The flow through the AC veins was found to arise almost, 
if not entirely, from the coronary arteries, for when both coronary arteries were 
occluded close to their respective ostia, the anterior cardiac vein-flow dropped 
to essentially zero, or at most, 1.0 cc. per minute. Examination of the hearts 
at the end of experiments in which residual flow persisted showed twigs of the 
right and/or left coronary artery which had not been occluded by the experi- 
mental procedure. Thus irr these veins, as in the case of the coronary sinus, 
there would appear to be essentially no extracoronary source of blood supply. 
However, unlike the coronary sinus, the AC vein flow arises from both coronary'' 
arteries rather than almost entirely from one coronary artery. "When all major 
AC veins were carmulated and their collective flow measured, most of it was 
found to arise from the right coronary artery (determined by temporary clamp- 
ing of the right coronary artery). The remainder of the AC vein flow (varying 
from 0 to 16 cc/min. in 12 different experiments and occasionally constituting 
most of the AC vein flow) arose from the left coronary artery (determined by 
temporary clamping of the latter artery). This amount is suflBcient in most 
instances to account for much of the left coronary inflow which does not appear 
in the coronarj'- sinus, but whether there is a quantitative transfer has not been 
established experimentally because of the teclmical difficulty in measuring flow 
simultaneously in both coronary arteries and in all the superficial venous chaimels 
of the heart. 

No consistent relationship between AC vein flow and right coronary flow 
could be demonstrated. In 7 different experiments (80 determinations) in 
which all the major AC veins were carmulated, the ratios of AC vein outflow to 
right coronary inflow under different conditions varied from 0.6 to 0.8, 0.81 to 
1.43, 0.3 to 1.0, 0.5 to 0./ 5, 0./ 3 to 1.37 and 0.57 to 0.9. Considerable variations 



20 


D. E. GREGG AND R. E. SHIPLEY 


in the ratio would be expected since the AC veins drain certain areas of the 
heart which are supplied by both right and left coronarj’- arteries. Hence a 
small change in the amount of blood contributed by the left coronary artery can 
have a relatively large effect on the ratio of total AC vein. flow to right coronar}’- 
artery flow. 

The effects of acute and chronic occlusion of the 7najor superficial cardiac veins. 
Although the importance of the superficial (non-Thebesian) venous pathways 
in the normal drainage of the right and left heart should be emphasized, investi- 
gators have demonstrated that the major collecting vein, the coronary sinus, 
may be experimentally occluded in acute or chi'onic preparations without ap- 
parently causing serious interference with the functioning of the heart. Anrep, 
Blalock and Hammouda (13) have observed that when the coronary sinus was 
clamped in heart-lung preparations, total coronary inflow decreased 25%, 
and concluded that the remaining 75%, which had presumably drained via the 
coronary sinus, had now become diverted into the Thebesian drainage channels. 
Robertson (19) and Beck and Mako (20) have reported that the coronary sinus 
could be occluded in chronic experiments with a mortality of 0 to 2%, in spite 
of the fact that these hearts examined postmortem showed subepicardial scarring 
of the left ventricle. Robertson (19) states that in this situation, “Thebesian 
vessels dilate so readily that the venous blood of the left heart is rapidly forced 
into the left ventricular cavity and no congestion occurs,” (in most hearts). 

The behef that Thebesian vessels become the alternate pathway for the coro- 
nary sinus blood flow lacks direct experimental substantiation. The fact that 
the anterior cardiac veins have been shown to drain a considerable portion of 
right and left coronaiy inflow and to have extensive anastomotic (collateral) 
connections ivith the tributaries of the coronary sinus system suggested that the 
anterior cardiac veins were in a favorable position to carry off blood diverted 
from the coronary sinus under these conditions. 

A similar situation may exist mth I’espect to drainage of the right coronary 
arteiy. Although acute occlusion of the major AC veins reduces right coronarj’’ 
inflow by 0 to 63%, it is not possible to determine how much of the residual 
inflow represents blood normally drained by way of the coronary sinus and how 
much represents flow which has been shunted from the AC veins to the coronaiy 
sinus under the artificial conditions imposed by the procedure. That a portion 
of right coronarj’- inflow may normalty drain through the coronaiy sinus is sug- 
gested by the findings exemplified by table 1, exp. 20 b, 21. 

A. Acute occlusion. Our findings obtained in acute experiments show that 
coronarj" sinus closure causes congestion of the left heart, a greatly elevated 
venous pressure in the coronary sinus and great cardiac vein (21, 22), but only 
a relatively small reduction in flow in the left coronary or its major branches, 
averaging 8% in 10 dogs (table 1, exp. 7, 16, 17). However, the venous outflow 
measured simultaneous^" in several major anterior cardiac veins increased greatly 
(table 1, exp. 12, 13). The maximum extent to which the blood normally drain- 
ing into the coronarj" sinus may be diverted to anterior cardiac venous channels 
was not determined because, owing to technical difficulties of the procedure, 
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cannulation and measurement of blood flow from only the large anterior cardiac, 
veins was attempted. However, the experiments strongly suggest that the 
anterior cardiac veins may serve as a very important, if not the primary, alter- 
nate route during occlusion of the coronary sinus. 

Similar responses occur when the major venous drainage channels of the right 
heart, the anterior cardiac veins, are ligated in acute experiments. Anterior- 
cardiac venous pressure arises, the right ventricle becomes congested and right 
coronary inflow may decrease from 0 to 63%, averaging 21% in 8 different-ex- 
periments (table 1, exp. 18, 19). Even under these conditions, in which most of 
the normal drainage channels for the right coronary artery (as determined by 
occlusion of the right coronary artery, 7) have been removed, increasing the load 
upon and pressure within the right ventricle (pulmonary artery constriction) 
increases right coronary artery inflow (table 1, exp. 15). 

In acute experiments, hearts have been found to survive for several hours 
follorving occlusion of both the coronary sinus and all grossly visible anterior- 
cardiac veins.® The fact that under these conditions, increasing the load on the 
right ventricle still resulted in a considerable elevation in right coronary inflow, 
indicates that these hearts still had at their disposal reasonably efficient venous 
di-ainage channels (table 1, exp. 15). The potential venous drainage channels 
remaining were the small anterior cardiac veins, any unoccluded veins emptying 
into the right atrium adjacent to the coronary sinus, collateral communications 
with extracardiac veins and Thebesian vessels. 

In subsequent experiments, an effort was made to deprive the heart of all 
venous drainage pathways exclusive of Thebesian vessels, so that the ultimate 
role of the latter could be more positively identified. Three acute experiments 
were performed in which all grossly visible or otherwise accessible anterior cardiac 
veins, the coronary sinus and extracardiac veins found in the vicinity of the base 
of the heart were occluded by ligature. In all instances both ventricles became 
dilated, very firm and markedly hemorrhagic with many dark petechiae and 
ecchymotic areas. The atria appeared normal in color and were without hemor- 
rhagic areas. The superficial veins over both ventricles became distended and 
tortuous. All of the hearts continued to beat for at least 2 hours, but vdth a 
gradual fall in blood pressure. Thirty to forty minutes after occlusion of the 
vems there invariably appeared several previously unnoticed extracardiac 
veins running laterally or superiorly from the fatty tissue surrounding the cardiac 
base. The hearts continued to beat and appeared in no worse condition after 
these veins were also ligated. 

Postmortem examination of the hearts uniformly revealed extensive hemor- 
rhage throughout the enthe thickness of the right ventricular wall. The left 
ventricular wall was similarly affected except that its inner third and the ven- 
tricular septum appeared relatively normal. None of the hearts showed any 
apparent abnormality of the auricular-ventricular septum. Close examination 
of the area surrounding the opening of the coronary sinus revealed that in all of 

' Following the initial occlusions, additional AC veins became visible which were also 
occluded. 
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the hearts there were one or two small veins with separate openings into the right 
atrium which had not been included in the hgatures placed about the termination 
of the coronaiy sinus. In addition to the one or more veins known to have been 
unoccluded, there were undoubtedly^ other small veins emptying into the right 
auricle which were not noticed or could not be positively identified on gross in- 
spection. In two of the experiments the coronary venous system was injected 
immediately postmortem vdth a gelatin-dye mixture through a cannula tied into 
the coronary sinus. The entire system of superficial veins was readily injected, 
and the dye was found to appear in many'- small veins about the roots of the great 
vessels and also in several of the adjacent intercostal veins. No dye was found 
in the non-hemorrhagic, inner lay^ers of the left ventricular wall or in the basal 
portion of the interventricular septum. 

Considering the very high venous pressures (approaching or exceeding aortic 
pressure, 21, 22) created by' the occlusion procedures and the extensive anasto- 
moses among the coronaiy veins, it is not improbable that a few small, unoc- 
cluded veins would be adequate under such conditions for the drainage of the 
total coronary blood flow, the volume of which must have been greatly' reduced 
judging from the appearance of the hearts. These attempts to deprive the heart 
of all non-Thebesian venous channels were therefore considered to be unsuccess- 
ful, and the ability' of the hearts to survive for 2 hours or more could not neces- 
sarily' be attributed to the drainage of blood by' Thebesian vessels. 

However, the normal appearance postmortem of the atria, the inner left ven- 
tricular wall and basal septum, and the failure of the gelatin-dye mixture to 
enter these my'ocardial areas when the superficial veins were injected suggests 
that these portions of the heart may' have a separate venous drainage system, 
possibly' involving Thebesian channels. If this is the case, communications 
between the Thebesian system and the superficial veins of the heart would not 
appear to be very extensive, since dy'e was not found to enter these areas. It is, 
therefore, unlikely' that the drainage system for the septum and inner left ven- 
tricular wall (not identified in these experiments) could have seived as an im- 
portant alternate route for the escape of coronary' venous blood from the hearts 
subjected to acute superficial vein occlusion. 

B. Chronic occlusion. The effects of ligating the coronary sinus and all 
accessible anterior cardiac veins in chronic experiments have also been in- 
vestigated. For each experiment, a two-stage operation was performed using 
morphine and ether anesthesia. Careful dissection and ligation of all but the ex- 
tremely' small veins at their points of entiy into the right atrium caused immedi- 
ate congestion of the right ventricle but not of the left ventricle. At the time of 
the second operation (1-2 months later) the right ventricle was no longer con- 
gested, but following ligation of the coronary sinus both ventricles became 
congested. Similar changes in the appearance of the corresponding ventricles 
occurred when the anterior cardiac veins and coronary' sinus were ligated in the 
reverse order. Two months after the final ligation, the suiwiving dogs were 
anesthetized and hearts exposed. Although the congestion of the myocardium 
had disappeared, rather extensive areas of the right ventricle exhibited superficial 
scarring. (Subsequent microscopic examination revealed cellular infiltration 
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and a moderate increase in connective tissue with a proportional decrease in 
muscular elements.) Gross examination of the hearts in situ revealed several 
sizeable anastomoses between the superficial veins of the heart and extracardiac 
veins. In figure 2 are drawings of one of the hearts which had been injected 
postmortem with a gelatin-dju mixture through one of the extracardiac veins. 
The entire superficial venous system became well filled with dye as did the extra- 
cardiac venous connections emerging from the heart in several regions. In 



Fig. 2. Drawings of the anterior (A) and posterior (B) views of a dog heart following 
chronic ligation of the anterior cardiac veins (4 months) and coronarj'^ sinus (2 months), 
showing the extracardiac superficial venous channels. Heart injected in situ, postmortem, 
through an extracardiac vein with a gelatin-Evans Blue mixture. Note injection of the 
superficial veins of both ventricles and of the e.xtracardiac veins. 

addition, certain anterior cardiac veins, which apparently were not large enough 
to have been noticed at the time of previous operations, had enlarged to become 
quite prominent. Examination of the inner surface of the heart failed to demon- 
strate plugs of injection material or enlarged Thebesian openings. 

Thus the development and enlargement of extracardiac venous anastomoses is 
quite similar to that observed on the arterial side of the coronary circuit following 
occlusion of one or both coronary arteries (23, 2-4). The fact that extracardiac 
anastomoses develop following progi-essive occlusion of the coronary arteries or 
veins would seem to indicate that the Thebesian vessels are not, in themselves, 
sufficient to frrnction as adequate channels for either supplying blood to, or drain- 
ing blood from, the myocardium. It is even less hkely that they rvould function 
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to an}’’ great extent in either capacity AA'hen the normal channels for arterial and 
venous flow are left intact. 

The observations presented here, together with previously reported findings, 
form the basis for a re-evaluation of certain concepts of the coronary circulation 
as well as the associated methods of experimental approach. 

It is not to be claimed that these studies with the heart beating in situ in the 
anesthetized dog necessaril}'- indicate the nature of occurrences in the normal, 
unanesthetized animal. However, the experimental findings thus obtained maj^ 
be coordinated into a reasonably consistent interpretation of physiological events 
which could not be accorded many previous studies made under more artificially 
controlled or quite abnormal conditions. The following conclusions are, never- 
theless, tentative and are made with the distinct reseivation that the}^ apply 
onl}" to the heart of the anesthetized, open-chest dog. Their “extrapolation” 
to the unanesthetized animal or to humans does not seem advisable without 
further investigation. 


SUMMARY AND CONCLUSIONS 

A correlation of the anatomical and physiological findings presented here 
and in previous work gives a simpler view than heretofore presented of certain 
aspects of the coronary cfi-culation. The experimental findings and conclusions 
based on 50 dog experiments are: 

In the anesthetized, open-chest dog with the heart beating in situ, blood- 
flow measurements in the coronaiy arteries and superficial veins indicate that 
the right coronaiy artery is the major source of blood supply and the anterior 
cardiac veins the major drainage system of the right ^’entricle. Similar measure- 
ments show that the left coronary artery and the coronaiy sinus with its con- 
tributing veins constitute the corresponding arterial and venous systems of the 
left ventricle. Thus the superficial veins of the heart appear to play the domi- 
nant role in draining the coronary vascular bed. 

The veins (and arteries) of each heart overlap anatomicall}’’ in the adjacent 
portions of the ventricles, and each system has man}’’ extracardiac anastomoses. 
The anastomoses between the anterior cardiac veins and those contributing to 
the coronary sinus are extensive. ^\Tien either superficial coronary venous 
system is acutely blocked, the coronaiy inflow to the respective myocardium is 
usually only moderately reduced, and the venous blood presumably passes into 
the right auricle by way of collateral communications to other unblocked venous 
channels. 

With as complete as possible ligation of the entire superficial cardiac venous 
system in acute experiments, the hearts generally survive for several hours and 
respond to increased load with augmented coronary inflow. In chronic occlusion 
experiments, injection of the venous system of such hearts shows the presence and 
extensive development of large and numerous extracardiac venous anastomoses 
and several enlarged, unoccluded anterior cardiac veins. The conclusion is 
inescapable that such hearts still had at their disposal an extensive system of 
superficial cardiac venous drainage channels. It is a matter of conjecture what 
role, if any, the Thebesian vessels may have played in the venous drainage of 
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the heart during the time the collaterals and anastomoses were enlarging. How- 
ever, the prompt and extensive development of a substitute system for draining 
the superficial veins of the heart offers little support to the belief that the The- 
besian vessels are adequate or serve in a major capacity as an alternate S3^stem for 
venous drainage. 

The experiments emphasize the functioning of the superficial cardiac veins 
and tend to minimize anj’^ role which the Thebesians may plaj'’ in coronarj'" drain- 
age. Wliile it cannot be denied that Thebesian channels may function as blood 
vessels, no experiments thus far reported have adequately demonstrated that 
Thebesian vessels operate as a blood suppty or blood drainage system with the 
heart beating in situ. It is held that much of the evidence for Thebesian function 
obtained with other preparations is either not valid or does not appty to the heart 
beating in situ because of the unnatural preparations used, the failure to separate 
adequateh’^ superficial venous flow (particularly that from the anterior cardiac 
veins) from “Thebesian flow,” and the failure to appreciate the existence of 
alternate venous routes bj'^ way of the inter- and extracardiac anastomotic 
connections. The extent to which the Thebesian channels function with the 
heart beating in situ cannot be determined until more exacting quantitative 
measurements are made of total coronaiy inflow and total superficial venous out- 
floAv (including flow in the extracardiac collaterals). 
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The use of isotopes has proved to be an important tool in the study of the 
metabolism of body constituents (1). The employment of such tracer substan- 
ces has developed an awareness for easilj'- identifiable substances which can be 
combined ■with a particular body constituent, in order to tag it for study pur- 
poses. It is understandable, therefore, that the announcement by Rawson(2) 
that Evans blue dye (T-1824) combines selectivel}’' '\rtth the albumin of blood 
plasma would foster studies employing this dye as a tracer for serum albumin. 
Thus, for example. Cope and Moore (3) studied the problem of capillary per- 
meability to albumin in burn shock utilizing radioactive dibromo Evans blue 
as a tracer for albumin. 

Evans blue dj'^e (T-1824) has come into wide clinical use as a dyestuff suitable 
for determining blood volume. Gregersen and Rawson (4), in studies of the 
disappearance of T-1824 from the blood of dogs, observed that there was an 
early logarithmic phase of disappearance lasting for approximately one hour. 
This was followed by a linear phase during which time the dye disappeared from 
the blood at a constant rate. In view of Rawson’s (2) demonstration that the 
dye combines selectively with albumin, the logarithmic phase of disappearance 
was considered as a measure of capillary permeability to albumin. Accordingly, 
its disappearance after the logarithmic phase would possibly mean that a defi- 
nite quantit 3 '^ of albumin has been removed with the dj’’e from the plasma. Since 
plasma protein concentration is maintained within narrow limits, that amount 
of dye-protein removed would have been replaced bj"- protein uncombined with 
dye. From these considerations, the definite possibility exists that the rate of 
disappearance of dj^e from the blood stream would mirror the rate of albumin 
turnover in the bod.y. The potentialities of this attractive idea for the develop- 
ment of a clinical test for quantitating albumin regeneration rates prompted us 
to explore this concept experimental^. 

It is IcnovTi that basic djmstuffs accumulate in high concentrations in the 
juice of actively secreting stomachs (5, 6) and acid dyestuffs, in the alkaline 
pancreatic juice. In these studies it has usually been considered that it was the 
permeability to the d 3 ’-e molecules alone Avhich Avas being inA'-estigated. How- 
ever, in the case of EAmns blue, one Avould be folloAving the behavior of a dye- 
protein complex, whose chemical and physical properties are necessarily different 

^ Supported by a grant from the Otho S. A. Sprague Memorial Institute. 

- 'Present address: New York University College of Medicine, Department of Surgery. 
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from the dye and protein molecules in the uncombined state. Our present infor- 
mation about the exact nature of the Evans-blue dye-albumin linkage or of its 
stability in vivo is very inadequate. 

Accordingly, a critical study has been made of the significance of the dis- 
appearance of T-1824 from the blood stream, its appearance in gastric and pan- 
creatic juices and the chemical nature of the dye-protein linkage. 

Twenty-four-hour disappearance of Evans blue from (he blood. Fasting blood 
specimens from patients and normals were drawn over a 24-hour interval begin- 
ning 4 hours following the injection of 10 cc. of 0.15% Evans blue and continuing 


Table 1. The disappearance of Evans blue dye from Ihe blood of normal and of 

hypoproleinemic subjects 


PATIENT NUITBEE 

CLINICAL DIAGNOSIS 

PLASMA PROTEINS 

PERCENTAGE OF DISAP- 
PEARANCE IN 24 HOURS 

N-l 

Normal 

grams/lOOcc. 

7.68 

50 

N-2 

Normal 

7.21 

40 

N-3 

Normal 

7.32 

48 

N-4 

Normal 

7.26 

42 

N-5 

Normal 

7.57 

74 

9 

Ca. of stomach 

6.26 

38 

2 

Ca. of pancreas 

6.64 

23 

12 

Colostomy 

6.58 

27 

11 

Ca. of pancreas 

6.53 

35 

10 

Ca. of stomach 

7.78 

35 

16 

Ca. of stomach 

5.26 

58 

13 

Cardiospasm 

6.70 

44 

5 

Cirrhosis 

6.49 

49 

1 

Ca. of stomach 

5.75 

52 

18 

Ca. of stomach 

6.14 

61 

17 

Ca. of stomach 

4.95 

54 

19 

Ca. of stomach 

6.02 

74 

3 

Ca. of esophagus 

5.74 

33 


to 28 hours following the injection of the dye. As a rule, 4 blood specimens 
were taken during this period. 

The percentage of disappearance of Evans blue from the plasma was calcu- 
lated from the 24-hour dye-disappearance cunm. From table 1 it is apparent 
that there are no significant differences in the percentage of disappearance in 
normals and in hjqioproteinemics. Also both groups show vdde variations. 
The average percentage disappearance for the entire group was 46. 

From the evidence presented, one is inclined to believe that the percentage of 
dye disappearance in 24 hours has little or no significance insofar as it may 
mirror albumin turnover, although the possibility cannot be excluded that per- 
haps 50% of the circulating albumin may be turned over in a 24-hour period. 
In the latter case, it would follow that in hypoproteinemia there is no difference 
from normal in tlie rate of protein turnover. 
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Appearance of Evans blue in gastric and pancreatic juice. In the course of 
another study on some dogs with Pavlov pouches and some with pancreatic 
fistulas, blood volumes were determined with T-1824. On some of these dogs 
the dj'^e appeared in the secretions. These experiments were repeated to exclude 
the possibility that the dye was oozing from granulating surfaces. With an 
intravenous dose of 15 mgm. no d 3 ’'e appeared in the aspirated stomach contents 
of dogs either before or after the administration of histamine. In three dogs 
given an intravenous dose of 25 mgm. of Evans blue, the pancreatic ducts were 
canulated and juice collected after stimulation with secretin. No dye appeared 
in the pancreatic juice. In a similar experiment on one dog, 250 mgm. of the 
d^’-e was given. The dose was sufficient to make the ratio of dye to serum 
albumin approximatelj'’ 5. A definite blue tint was seen in the pancreatic juice. 
The fact that the dye appeared in the secretion of this one dog, even though in 
minimal concentration, was considered significant. It would seem that if the 
dye is given in great enough concentration it will appear in the pancreatic juice. 

Chemical studies. The purpose of the chemical studies was to measure the ex- 
tent of the combination of dye with individual plasma proteins. After many 
preliminaiy trials conditions were found which enabled this to be done quantita- 
tively'. Purified human plasma protein fractions^ were mixed with varying con- 
centrations of Evans blue. The dye-protein combination was then precipitated 
with trichloracetic acid and the excess dj'e remaining in the solution was read 
in an Evelym photoelectric colorimeter. 

The use of trichloracetic acid has the disadvantage, for purposes of comparison 
with the work of others (2), that the precipitation is carried out at an acid pH. 
However, it was found to be free of the more serious drawbacks of other protein 
precipitants which were tried, such as heavy metals which precipitate Evans 
blue, and methjd alcohol or (NH 4 ) 2 S 04 which did not precipitate the dye-protein 
quantitatively'. Although the amount of dye which combines with protein at 
different pH may vary, the essential nature of the dye-protein linkage will 
remain unaltered. Accordingly, all precipitations have been done wth tri- 
chloracetic acid. 

A. Comhination of Evans blue with purified albumin. Varying concentrations 
of albumin in normal saline were prepared so that 3 cc. contained from 0 to 
2.6 mgm. of albumin. These albumin solutions were added to G cc. of 0.03% 
Evans blue buffered at pH 2.5 in a test tube and mixed by inversion. After 
a 10-minute interval (even though equilibrium is reached almost instantly), 
precipitation of dy'e-protein was accomplished by the addition of 5 cc. of 20% 
trichloracetic acid. The precipitated dy'e-protein was separated from the solu- 
tion by' centrifugation. (Filtration is unsatisfactory because the dye is absorbed 
by' the filter paper.) The supernatant was transferred to an Evelyn tube, 
diluted 1:20 with distilled water, and then read in an Evelyn photoelectric 
' colorimeter using a no. 620 filter. The density of the supei-natant dye is plotted 
in figure 1. The determinations were made in triplicate and the data on figure 
1 have been reproduced on other occasions. 

’ Purified human plasma proteins were obtained through the courtesy of Dr. E. J. Cohn 
of Harvard University Serum Laboratory. 
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Since the plot is linear only when a great excess of dye is present and tends to 
level off and reach a plateau with relath'-elj'^ high protein concentration, a charac- 
teristic of dissociation curves of weak acids and bases, one nia 5 '^ reasonably assume 
that the reaction is reversible. 



Fig. 1. The combination of varying concentrations of purified human-serum-albumin 
with Evans blue dye is demonstrated. The dotted straight line is the expected curve with 
an irreversible reaction (djm protein — ♦ dye-protein). Single determinations are repre- 
sented by dots, coinciding duplicate and triplicate determinations by circles. All deter- 
minations were made in triplicate. (Optical density is e.xpressed as ‘L values’.) 

Pig. 2. The combination of varying concentrations of purified human plasma-protein 
fractions with Evans blue is indicated. Only the linear portions of the curves have been 
represented in each case, (Optical density is expressed as ‘L values.’) 


dye -|- protein ^ d 3 '^e-protein 

In this case, the law of mass action should applj’’ according to the following 

equation : = K. The linear portion of the curve represents the 

(dye-protem) 

stoichiometric combination of the dye with protein, since the reversible reaction 
has been displaced to the right by an excess of dye. Under these conditions 
it can be calculated that 70 moles of dj'e combine udth one of albumin. Let 
us assume in this experiment that approximate^ 70 moles of dj^e are combined 
with protein on the non-linear portion of the curve in figure 1; then the initial 
concentrations of dye and protein are known and the concentration of dye-protein 
can be calculated by the difference from the residual dye. Molar concentrations 
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are obtained by dividing the gram concentrations by the molecular weight of 
purified albumin (70,000) and dyestuff (960), respectivel 5 L When such calcu- 
lations are made for several points on the non-linear portion of the curve, the 
following constant is obtained: 2 X 10“®. If one presumes that the combina- 
tion of the dye vdth protein is the same in both its dissolved and precipitated 
phase, this figure (2 X 10"^) represents the dissociation constant. 

B. Combination of Evans blue with globulins. Experiments similar to the 
above were performed with purified human-plasma-globulin fractions. The 
combination of T-1824 with the various globulin fractions as compared to 
albumin is pictured in figure 2. The globulins fix less dye than albumin, since 
the slopes of the linear portions are less steep. Certainly under these conditions 
Evans blue dye does not combine specifically with albumin. When various 
known mixtures of albumin and globulin are precipitated with trichloracetic 
acid in the presence of T-1824, the density of the residual dye is always less 
than would be expected with albumin alone, indicating that globulin takes up 
some of the dye. 

C. Combination of Evans blue with bovine plasma-protein fractions. When 
liighly purified bovine plasma-proteins'* are substituted for human plasma- 
proteins, similar curves as in figures 1 and 2 are obtained. Quantitatively the 
extent of the combination of dye with bovine or human albumin is identical. 
There are some individual differences with the bovine globulins as compared to 
human globulins, but they both combine with dye to approximately the same 
degree. 

D. Combination of Evans blue with cellophane and exchange resins. Cello- 
phane was stained with a concentrated solution of T-1824. The stained cello- 
phane was washed first with repeated changes of distilled water for a period of 
two weeks and then with repeated changes of normal saline for a similar period. 
After a short interval the washings were no longer colored by dyestuff. The 
stained and washed cellophane was then transferred to a 5-gram % albumin 
solution. Color immediately left the cellophane and was seen in the protein 
solution. The cellophane had acted in a fashion similar to an ion exchange 
resin. 

A 5|-inch resin column which contained approximately 5 grams of Dualite A-2 
(RCl form) was set up. Seven cc. of a 0.05% Evans blue solution containing 
5 mgm. per 1 cc. of albumin (ratio of dye to albumin = 7.29) was run through the 
column at a rate of approximately 1 cc. per minute. Fifty % of the dye was 
removed by the resin, although the protein was recovered quantitatively. Since 
the insoluble resin accepts only free dye anions, dissociation of the dye-albumin 
complex must have occurred. The dye could not be washed from the resin bj'' 
distilled water but was liberated by sodium hydroxide which changed the resin 
from the R-dye form to the R-OH form. 

Discussion and conclusions. The evidence of Rawson that Evans blue 
dye attaches itself to albumin is based mainly on electrophoretic data, on ultra- 
centrifugation experiments and on spectrometric studies. It was found that 

' Purified bovine plasma fractions were obtained through the courtesy of Armour and 
Companj', Chicago, Illinois. 
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Evans blue in serum migrated exclusively with the albumin fraction except 
■with a high concentration of dye, at -which time some dye migrated -with a globu- 
lin (2). These results have been confirmed by others (7). Such studies do 
not show the exact nature of the binding, that is, whether it is chemical or phy- 
sical in nature. 

Our chemical studies are explained best on the basis that T-1824 forms a 
dissociable compound -with plasma albumin and globulin. Others (8) like 
ourselves have found that dye-protein combination follows the law of mass 
action and that dissociation constants can be derived. The reaction is not 
specific for albumin but selective at certain concentration. The dissociation 
constant is an average for the many groups that combine "with dye forming a 
dye-protein complex. On the basis that dyestuffs titrate acid and basic groups 
in the protein molecule (9), our findings agree with other observations (10). 
Also, since Evans blue is an acid dye, the maximum amount of dyestuff ■will 
combine with the protein when it is entirely in its basic form, i.e., at a very acid 
pH. Maximally 70 moles of Evans blue combine with one of albumin. At 
neutrality, fewer moles of dye would combine with albumin. This explains the 
discrepancy between our findings and those of others (2). 

Careful studies have led to the concept that ions as such are generally not able 
to permeate cell membranes (11, 12). Since Evans blue occasionally appears 
in pancreatic juice, one must surmise, at least that the unionized dye molecule is 
capable of diffusing past the capillary membrane. According to present day 
concepts, this means that the dye is trapped by ionization (5, 6) in the secreted 
juice. These authors and many others have observed that neutral red, which 
is a plasma protein-binding dye, appears in high concentrations in acid gastric 
juice. Trypan blue, also plasma-binding, appears in pancreatic juice. These 
observations are most readily explained on the basis of a dissociable dye-protein 
complex existing in vivo and do not indicate any great or unique stability of 
this linkage. 

That tissue protein also fixes dye is evident from autopsies on dogs which 
received Evans blue. The lymph nodes are always more deeply stained than 
other tissues (13). As the dye diffuses from the circulation and is fixed in the 
tissues, more dye-protein is dissociated to maintain chemical equilibrium. 

One may therefore hypothesize the following conditions as occurring in vivo: 

Dye-protein ' ^ unionized dye + protein (blood) 

(capillary membrane) 
unionized dye (tissue fluids) 



trapping in some Fixation of dye by 

secretions by ionization tissue protein. 

Because little dye is in the free form in those concentrations obtained in the 
blood clinically, the diffusion of these free dye molecules into the interstitial 
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fluid lYould not completely account for the early rapid phase of disappearance 
from the blood. It is evident from the scheme that the fixation of the free dye 
molecules by tissue protein would cause more dye to leave the blood until the 
tissue proteins become saturated. This may explain the early rapid phase of 
disappearance. Such an interpretation would be in agreement with the findings 
of Fine and Seligman (14, 15), who found no rapid initial disappearance of infused 
radioactive plasma protein. The duration of the ‘logarithmic’ phase of dis- 
appearance of protein-binding dyes would probably be determined by the degree 
of dissociation of the dye-protein complex. The more highlj’- dissociated the 
complex, the more rapidly would a steady state be established, bringing about a 
short initial phase. It would follow that the extent of dyestuff disappearance 
in the ‘logarithmic’ phase would depend upon the amount of dye the tissue pro- 
teins are capable of fixing. Apparently, the body can do quite easily what we 
attempted to do in vitro ivith the dye-protein ion-exchange resin experiment. 
Others (16) have approached the problem in a manner different from ours, but, 
like ourselves, have concluded that T-1824 is fixed to tissue protein during the 
early phase of blood dye disappearance. 

To what extent then does Evans blue measure the capillary permeability to 
albumin? In those blood dye concentrations obtained clinically, Evans blue 
exists almost exclusively in the form of dye-protein complex because of the excess 
molecular concentration of protein which displaces the reversible reaction to the 
right. Therefore Evans blue appears wherever plasma protein is present. Since 
the d 3 ’’e-protein combination is reversible, and since it can diffuse in its free 
form, dye may migrate and slowly become fixed in sites where serum protein 
fails to appear. In other words, when albumin migrates (as into a burned area), 
Evans blue must follow. The converse is true only if one can show that there 
is no fixation by other tissue protein or no ionization of the free dye molecules. 
The initial disappearance of Evans blue from the bloodstream apparently does 
not mirror the capillary permeability to albumin. 

Should not the dye be a good tag for albumin in metabolic studies even though 
it may not measure capillary permeability to albumin? The late linear dis- 
appearance phase of Evans blue dye from human plasma over a 24-hour period 
amounts to approximately 50% of the dye concentration. This should mean 
that 50% of the circulating albumin had been turned over in a 24-hour period. 
Quantitatively such figures are incompatible with the better isotopic studies of 
others (14, 15). The rapid disappearance of dye in contrast to the relatively 
slow rate of disappearance of isotopically tagged plasma protein is readily ex- 
plained on the basis that dye can be dissociated from the albumin molecule ivith- 
out the latter being metabolized. Once the dye has been removed from the 
protein molecule, it may return to the circulation and recombine vdth protein 
or be lost in metabolism, fixation or excretion. With the isotopic studies the 
isotopic element is an integral part of the protein molecule, which must be cata- 
bolized before the isotope is released. Evans blue or other d 5 ’^estuffs therefore 
can not be used as a tag for protein in metabolic studies. 
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SUMMARY 

Evans blue dye (T-1824) forms a dissociable complex with plasma protein in 
the present experimental conditions. The dye-protein combination is not speci- 
fic for albumin, since the dye combines readily with all the globulin fractions. 
With those blood djm concentrations obtained in the clinical use of Evans blue, 
most of the dye is probably united to albumin. 

The use of Evans blue as a label for protein in studies of capillary permeabil- 
ity and protein metabolism has been critically discussed and its limitations have 
been pointed out. Because the dye protein compound is dissociable and because 
the dye is not an integral part of the protein molecule, its clinical use as a tracer 
for protein becomes limited. 

In vitro observations and studies ndth humans and dogs have provided a 
basis for interpreting the disappearance and appearance of Evans blue dye in 
tissue fluids. 

Gratitude is expressed to Dr. D. B. Phemister whose active interest made 
these studies possible. We are indebted to Dr. R. K. Cannan who suggested 
the ion exchange resin experiment. Thanks are also expressed to Mrs. Evelyn 
Gordon and Mr. Lamarr Walker for their clinical help. 
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iVfter traumatic injury the clinical signs of shock develop gradually, and up to 
the time of death there is increasing evidence of progressive failure of an adequate 
blood supply to the tissues. The limbs grow colder, the body temperature drops, 
the mucous membranes of the mouth become increasinglj’’ pale and dry, the 
venous blood becomes darker in color and eventuall 3 ’^ the animal shows signs of 
central nervous depression. Nevertheless, we have been unable to find that the 
changes are associated with a progi'essive reduction in blood volume (1). To 
be sure, the blood volume falls 30 to 50% at the time of trauma or immediately 
thereafter, but from then on it undergoes no further change. For this, we have 
evidence not only that the plasma volume as measured -with the dye T-1824 
remains essentiallj’’ unchanged up to the time of death, but also that neither the 
serum protein concentration nor the hematocrit values are significantly altered. 
The progressive nature of the symptoms in the presence of an unchanging blood 
volume clearly indicates that certain undetermined circulatory changes must be 
taking place. The rising heart rate, the increasing difficulty with which blood 
can be drawn from a peripheral vein and the increasing difference in color between 
arterial and venous blood which we have consistently observed in shocked dogs 
suggest that progi'essive changes in venous return, cardiac output and oxygen 
consumption may account for the gradual circulatory failure. 

Several investigations upon anesthetized animals indicate that during shock 
the circulatory and metabolic changes mentioned above do occur. For ex- 
ample, intestinal manipulation (2) and muscle trauma (3) are said to produce 
a large decrease in the oxygen content of the venous blood. Moreover, it is 
knoivn that the oxygen consumption and the cardiac output are reduced by 
muscle trauma (3, 4, 5). In the present investigation (May and June, 1942), 
we measured the cardiac output before and at various times after the production 
of shock by muscle trauma. These experiments were compared with others in 
which the blood volume was reduced bj'^ bleeding. 

Methods. The animal was placed upon its back on an animal board. Dur- 
ing the control period the arterial blood pressure (arterial puncture, Hg manom- 
eter), the heart rate, the rectal temperature and the cardiac output were esti- 
mated. Muscle trauma was carried out according to the procedure described 
bj" Gregersen and Root (1), or the animal Avas bled through a cannula inserted 

* This work was done under contract, recommended by the Committee on Medical Re- 
search, between the Office of Scientific Research and Development and Columbia Uni- 
versity. 
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in the femoral artery. At various times thereafter the above determinations 
were repeated and observations made of the coldness of the extremities, the 
blanching of the oral mucous membranes and the degree of central nervous 
depression. 

In most of the animals the plasma volume was determined before and after 
the blood volume reduction. For this purpose the blue dye, T-1824, was used, 
optical densities being estimated spectrophotometrically (1). The blood volume 
was calculated from the plasma volume and the hematocrit reading. It has re- 
cently been shovm that this method of calculating blood volume agi’ees to within 
5 to 10% with that obtained by measuring plasma volume with T-1824 and red 
cell volume with CO (6). 

The cardiac output was measured by the direct Fick method. Expired air 
was collected in a Douglas bag and analyzed for O 2 and CO 2 with the Haldane- 
Henderson gas analyzer. To avoid gas leakage the expired air was collected 
through a tracheal cannula which was inserted under local anesthesia (2% novo- 
cain). Heart rates were counted in 10 dogs during the insertion of the tracheal 
cannula and found to range between 53 and 84 beats per minute, indicating that 
this procedure disturbs the animals little if at all. In some experiments the O 2 
consumption, the CO 2 production and the R.Q. were measured with Scholander’s 
respirometer- (7). In this method the animal produces a graphic record (see 
fig. 1) of respiratory exchange by inspiring from the top of an OrfiHed spirometer 
system, the expired air being introduced without absorption of CO 2 into the bot- 
tom of the system where it is present as a gas layer of gi’eater density than O 2 . 
The slope of the respirogram indicates the magnitude of the apparent R.Q., slop- 
ing dovTiward when this is less than 1.0, being level when the ratio is equal to 
1.0 and sloping upward when the R.Q. is greater than 1.0. At the end of 5 
minutes the expiratory tubes are switched to a second spirometer system. The 
previous^ expired gas is now circulated through alkali, the curve of CO 2 absorp- 
tion being recorded graphically. I/STien the second 5-minute period is completed 
the dog is reconnected to the spirometer first used which now has been freed of 
CO 2 and refilled with O 2 . In this way continuous records are obtained of the 
apparent R.Q. and CO 2 production from which the O 2 consumption can be cal- 
culated. The periods of C02 absorption indicate time in 5-minute blocks. 
Ai’terial and mixed venous blood samples were taken inunediately before and at 
the end of the period during which the expired air was collected in the Douglas 
bag or at the beginning and at the end of selected periods on the Scholander 
respirometer records. 

Arterial blood samples were drawn under oil from the femoral arteiy, heparin 
being used as anticoagidant. h'lixed venous samples were obtained from the 
right heart by means of a catheter inserted through the left external jugular 
vein. When the tip of the catheter enters the heart the impact of the systolic 
contraction upon the catheter is easily recognized. Clot formation was pre- 
vented by the slow infusion of saline at a rate of 1 to 2 cc. per minute. The 

• Wc are indebted to Drs. L. W. Irving and P. F. Scholander for the loan of and instruc- 
tion in the use of the Scholander respirometer. 
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withdrawal of the mixed venous blood sample was preceded by the removal of 
7 to 10 cc. of the blood saline mixture in order to avoid dilution of the sample. 
The mixed venous sample was then taken under oil, using heparin as anticoagu- 
lant. The blood saline mixture was returned to the circulation. Blood O 2 
content was determined on 1 cc. samples with the manometric Van Slyke appa- 
ratus. In 90 % of the determinations the O 2 contents of the samples obtained 



HOURS 

Fig. 1. The effect of muscle trauma upon dog 9 {table 1). The progressive decrease in car- 
diac output following a 38% reduction of the blood volume is illustrated. The inserts show 
the control respiratory record and that obtained 206 minutes after muscle trauma as meas- 
ured with the Scholander respirometer. In the control record the slope of the curve of the 
individual respirations indicates the amount by which the rate of O 2 consumption is greater 
than the rate of CO 2 production. Note that this curve is less steep in the post-traumatic 
measurement indicating a higher apparent R.Q. Above the graph of individual respirations 
the curve of CO 2 absorption is shown. This tracing indicates time in 5-minute periods. 
Note the large decrease in CO 2 production in the post-traumatic tracing. 

before the expired air collections agreed Avith those obtained at the end of the 
collection to vdthin 1.5 volumes %, the average being 0.7 volume %. The 
values given in the tables arc the average of these 2 determinations. According 
to Shore, Holt and Enoefel -(8) the O 2 content of blood frequently differs tvhen 
drawn simultaneous^ from the 2 vena cavae, from 2 points in the right auricle, 
or from the right auricle and ventricle of dogs anesthetized with barbital. -Al- 
though in our experiments we have no direct evidence of the exact position of 
the tip of the catheter in the heart, the changes in the O 2 content of the mixed 
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venous blood are so great after hemorrhage or muscle trauma that variations 
of the magnitude reported by Shore et al. (8) would have relatively httle effect 
upon our results. 

Results. Repeated determinations of the cardiac output were made upon 
2 normal dogs (experiments 1 and 2, table 1). These show that over a period 
of 4 to 5 hours the variations in cardiac output are of the order of 10 % of the 
control value. Control estimations of the cardiac output were carried out upon 
each of the 28 animals studied (tables 1 and 2). 

Muscle trauma. The effects of muscle trauma upon the various respiratory 
and circulatory measurements made in this investigation are shown in table 
1. In 4 dogs (experiments 3 to 6, table 1) the injurj’- was not severe enough 
to produce shock, as determined by the criteria used by Gregersen and Root (1). 
Well-defined shock developed in 10 animals (experiments 7 to 16, table 1). All 
the shocked dogs died between 1 hour and 37 minutes and 5 hours and 13 minutes 
after injury. No doubt some of these animals would have hved longer if blood 
samples had not been draivn from time to time. 

The expired air was collected in 14 experiments using a Douglas bag. The 
average control pulmonarj^ ventilation was about 5 hters per minute. During 
the first hour after traumatic injury the respiratory volume was^ always gi’eater 
than the control value, averaging 10 liters a minu te. Although the volume of 
the expired air decreased as shock developed (average 8 hters), it did not fall 
below the control level. Less pronounced changes were shown by those dogs 
in which muscle injury did not produce shock. 

Inspection of table 1 shows that aheady 30 to 50 minutes after injury the O 2 
consumption of all the shocked dogs had fallen considerably. After this time 
the metabolic rate continued doumward but more gradually. When trauma 
was not severe enough to produce shock the effect upon the O 2 consumption was 
variable. 

The low apparent respiratory quotients (R.Q.) shovm in the control measure- 
ments on 25 of the 28 dogs studied were probably obtained because the animals 
were not fed during the preceding 24 hours. In every instance the R.Q.s of 
the dogs in traumatic shock (experiments 7 to 16, table 1) were greater than those 
measured during the control periods. When the severity of the trauma was 
insufficient to produce shock, the increase in the post-traumatic R.Q. was usually 
less than that shonm bj’' the shocked dogs. 

After muscle trauma the arterial O 2 content varied in different animals between 
a small decrease and a slight increase as compared with the control values. 
Such changes are probably related to variations in the number of red cells con- 
tained in the blood resenmirs. The O 2 content of the mixed venous blood, 
however, was greatly reduced. The decrease occurred within 30 minutes after 
injiny and unless recoveiy took place the venous blood became more and more 
reduced, hluscle trauma which was not severe enough to produce shock re- 
sulted in smaller reductions in the ©2 content of the mixed venous blood. The 
arterial-mixed venous O 2 difference increased greatlj'- after trauma. Indeed, in 
one animal (experiment 11, table 1) the blood returning to the heart was com- 
pletely reduced. 



Table 1 . The effect of muscle trauma upon the cardiac output of dogs 


NO. 

WT. 

REDUC- 

TION 

BLOOD 

VOL. 

TIME 

AFTER 

TRAUMA 

EXP. AIR 

O2 CON- 
SUMED 

R.Q. 

A-VO2 

DIFF. 

CARDIAC 

OUTPUT 

STROKE 

VOL. 

R 

METHOD 

REMARKS 


kgm. 

% 

viin. 

L./min. 

ccjmin. 


rols. % 

L./tnin. 

CC. 



f 

1 

11.6 

0 


5.5 


0.78 

4.5 

2.42 

28.8 

3400 

D.B. 

control— 




+83 

5.7 

112 

0.78 

4.3 

2.60 

18.3 

3700 


no 




+257 

3.5 


0.70 

3.6 

2.78 

20.1 

3100 


trauma 

2 


0 

■ 

2.8 

87 

0.70 

4.2 

2.07 

39.0 


D.B. 

control — 





3.1 

95 

0.68 

4.3 

2.21 

36.8 

BEs 


no 





3.1 

93 

0.66 

5.0 

1.86 

33.2 

H 


trauma 




+293 


92 

0.70 

5.0 

1.80 

27.7 

B 



3 

12.4 

16 

-29 

2.7 

88 


6.2 

1.42 


5400 

D.B. 

trauma — 




+67 

3.8 


0.73 

6.4 

1.41 

9.3 

6400 


no 





3.3 

89 


5.8 

1.53 


6100 


shock; 

survived 

4 

11.8 

17 

-45 

2.2 

83 

0.65 

5.9 

1.41 

21.6 

6700 

D.B. 

trauma — 




+43 

2.9 

82 

0.81 

9.3 

Era 

5.8 

9700 


no 




+226 

3.3 

78 

0.80 

11.7 


4.0 



shock; 




+295 

3.2 

84 

0.82 

11.1 


8.4 



survived 

5 

14.8 

24 

-38 

8.3 

164 

0.95 

3.3 

4.97 

42.1 


D.B. 

trauma — 




+54 

11.9 

112 

0.83 

5.1 

2.20 

16.6 



no 




+200 

4.4 

100 

0.90 

4.2 

2.38 

21.2 



shock; 




+289 

3.3 

78 

0.99 

6.1 

1.28 

11.5 



survived 

6 

11.7 

25 

-39 

3>7 

119 

0.76 

4.9 

2.43 

28.9 


D.B. 

trauma — 




+51 

4.8 

86 

0.87 

5.9 

1.46 

9.0 

Kg 


no 




+193 

4.0 

77 

0.82 

6.7 

1.15 

6.2 

H 


shock; 

survived 

7 

7.4 

37 

-41 

- 

m 

QB| 

4.2 

2.50 

20.8 

m 

S.R. 





+144 

— 



13.6 

0.41 

2.9 







+217 

— 

51 

wm 

12.9 

0.39 

2.4 

H 

* 














min. 

8 


38 

-59 

5.7 



5.9 

2.07 

19.1 

■n 

D.B. 

trauma — 





17.1 

56 


9.4 

0.60 

2.9 



shock; 




+125 

7.1 

56 

0.88 

11.4 

0.49 

2.9 

g| 


survived 

9 

8.9 

38 

-18 



120 

m 

M 

1.74 

11.6 


S.R. 

traiuna — 




+20 

— 

84 



0.64 

3.2 



shock; 




+206 

— 

43 

m 

17.7 

0.24 

1.2 

H 


died 4 
hrs. 51 







m 






min. 

10 

10.1 

46 

-39 

4.9 

98 

0.75 

66.3 



4600 

D.B. 

trauma — 




+69 

6.8 

36 

1.00 

10.5 

1 

1 

8200 


shock; 
died 1 
hr. 46 
min. 


38 
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TABLE 1 — conlinued 


NO. 

WT. 

REDUC- 

TION 

BLOOD 

VOL. 

1 

TIME 

ATTER 

TRAUifA 

EXP. AIR 

Os CON- 
SUMED 

R.Q. 

A-V Os 

DIFF. 

CARDIAC 

OUTPUT 

STROKE 

VOL. 

R 

METHOD 

remarks 


kgm. 

% 

min. 

L.Jmin. 

cc.lmin. 


rots. % 

L./min. 

CC. 




11 

13.1 



-44 

3.5 


0.64 

3.2 


30.6 

1900 

D.B. 

trauma — 




+84 

8.8 

1 

0.87 

14.5 


2.8 

6100 


shock; 
died 2 
hrs. 18 






■ 







min. 

12 

12.1 

_ 

-43 

3.3 

98 

0.71 

2.5 

3.92 

32.6 


D.B. 

trauma — 





4.9 

78 

0.79 

11.4 

0.68 

4.1 

B»| 


shock; 




+148' 

5.4 

66 

0.89 

14.2 

0.46 

2.7 



died 4 





7.1 

63 

1.00 

15.3 

0.41 

2.1 

Kail 


hrs. 32 













min. 

13 

11.2 

__ 

-55 

6.4 

125 

0.68 

3.5 

3.57 

26.4 


D.B. 

trauma — 




+37 

16.3 

76 

0.87 

17.3 

0.44 

2.3 



shock; 




+103 


60 

1.05 

22.3 

0.27 

1.4 

■ 


died 2 
hrs. 6 
min. 

14 

14.1 

— 

-45 

17.1 

183 

0.71 


2.62 

37.9 


D.B. 

trauma — 




+41 

22.7 

113 

1.00 

15.7 

0.72 

4.2 

K m 


shock; 




+155 

14.3 


0.93 


0.92 

4.8 

Km! 


died 5 





7.6 

80 

0.99 

19.1 

0.42 

1.9 

Km! 


hrs. 13 













min. 

15 

12.1 

— 

-57 

3.4 

114 

m 

5.4 

2.10 

25.9 


D.B. 

trauma — 




+45 

7.1 

58 

US 

16.6 

0.35 

1.9 



shock; 





5.3 

27 

0.99 

17.1 

0.16 

0.8 



died 1 
hr. 56 













min. 

16 

9.4 

— 

-31 

5.7 

123 

0.71 

4.4 

2.80 

16.6 

3300 

D.B. 

trauma — 




+51 

6.2 

71 

0.82 

14.5 

0.49 

2.6 

10600 


shock; 
died 1 













hr. 37 













min. 


B. = blood pressure ^ 
cardiac output/sec. 

D.B. = Douglas bag technique. 

S.R. — Scholander respirometer. 

Time = 0 is the start of the infliction of muscle trauma; negative values refer to time 
before this. 


The cardiac output decreased progressively after muscle trauma (experiments 
7 to If), table 1). The output per beat decreased to an even greater extent. 
Smaller changes in these values vere shoum by traumatized dogs which did not 
develop shock (experiments 3 to 6, table 1). 





































Table 2. The effect of hemorrhage upon (he cardiac output of dogs 


NO. 

■\\T. 

REDUC- 

TION 

BLOOD 

VOL. 

TIME 

AFTER 

TRAUMA 

EXP. AIR 

O2 CON- 
SUMED 

R.Q. 

A-V O2 

DIFE. 

CARDIAC 

OUTPUT 

STROKE 

VOL. 

R 

METHOD 

REMARKS 


hgm. 

% 

min. 

L./min. 

cf./vlin. 


wls. % 

L.jmin 

CC. 




1 

13.7 

11 

-55 

4.6 

115 

0.78 

2.5 

DP 

33.3 


D.B. 

Survived 




■SE 

4.1 

87 

0.78 

7.0 

1.24 

16.8 







m 

3.7 

102 

0.76 

4.8 

2.13 


■■ 



2 

11.0 

21 

-76 

1.6 

66 

0.70 

7.3 

0.90 


llOOC 

D.B. 

Survived 




+18 

2.4 

74 

0.70 

7.8 

0.95 

7.2 

1000c 






+156 

2.3 

76 

0.85 

6.8 

1.12 

6.2 

9000 








81 


4.6 

1.76 

16.7 








2.9 

77 


5.7 

1.35 

7.7 







Ql 


69 

0.79 

7.4 

0.93 

5.8 




4 

13.0 

28 

-84 

7.5 

135 

0.77 

2.8 

4.82 

37.3 


D.B. 

Survived 




+23 

8.4 

92 

0.79 

9.3 

0.99 









6.1 

81 

0.92 

8.6 

0.94 


7300 



5 

15.3 

34 

-28 

— 

214 

0.70 

4.6 

4.65 

36.0 

Bl 

S.R. 

Survived 




+78 

— 

125 

0.90 

13.4 

0.93 

4.9 

wm 






+266 

— 

135 

0.85 

15.9 

0.85 

4.3 

5700 



6 

9.9 


-15 

— 

158 

0.94 

m 

3.09 

21.6 


Bl 

died 4 hrs. 




+10 

— 

32 

1.09 

16.2 

0.20 

1.3 

QuS! 

■1 

15 min. 




+77 

— 

76 

0.91 

15.7 

0.48 

2.8 

D|| 






+139 

— 

86 

0.81 

11.9 

0.72 

3.7 







+175 




0.86 

13.5 

0.52 

2.4 


D 


B 



-75 

— 

124 

0.84 


2.75 

24.7 

3900 

S.R. 

died 2 hrs. 

1 



+95 

— 

82 

0.99 

12.5 

0.69 

3.2 

4600 



8 

11.4 

43 


— 

126 

m 

4.7 

2.68 

17.8 

3800 

S.R. 

died 2 hrs. 




+26 

— 

70 


13.1 

0.53 

3.9 

6800 


1 min. 





— 

47 

m 

15.0 

0.31 

1.9 

8400 



9 

12.2 

44 

-33 
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6.4 
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12 

6.0 

49 

-34 
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79 

0.71 

4.3 

1.83 

9.3 


S.R. 

died 1 hr. 




+33 

— 

27 

0.96 

9.5 

0.28 

1.6 

B 


8 min. 


_ mean blood pressure ^ 
cardiac output/sec. 

D.B. = Douglas bag technique. 

S.R. = Scholander respirometer. 

Time = 0 is measured from the start of hemorrhage; negative values refer to time before 
start of hemorrhage. 
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The total peripheral resistance (R) was calculated, using the formula (see 9) : 

mean blood pressure X 1332 . dynes second 

R = : in 

cardiac output per second cm^ 

When traumatized dogs developed shock, the calculated total peripheral 
resistance increased 1-5-fold over the control values. Smaller increases in the 
R values were shown by dogs in which the injury was not severe enough to pro- 
duce shock. 

The blood volumes were measured before and after trauma in 8 dogs (experi- 
ments 3 to 10, table 1). In 4 of these (experiments 3 to 6), which failed to develop 
shock, the blood volume reduction ranged between 16 and 25 %. The usual 
signs of severe shock were shorvn bj*' the 4 animals in which the blood volume 
was reduced from 37 to 46 %. These results are in agreement with those 
obtained previously in this laborator 3 '' (1). 

Some of the data obtained on dog 9 (table 1) are shovm graphically in figure 1. 
The blood volume of this animal was reduced 38 % by muscle trauma. The pro- 
cedure resulted in a decrease in mean arterial blood pressure which remained 
between 50 to 70 mm. Hg for more than 3 hours. During this period the cardiac 
output fell from a control of 1.74 to 0.84 liters per minute 20 minutes after 
trauma, and to 0.24 liter 3 hours and 6 m in utes later. The insert shows the 
respiratoiy record obtained with the Scholander respirometer. In the control 
period the tracing of the individual respirations indicates an R.Q. of 0.75. The 
O 2 consumption was 120 cc. per minute. Three hours and . 26 minutes after 
injury the respiratorj’- tracing is flatter, indicating a high R.Q. and the curve 
of CO 2 absorption is much smaller than in the control period. The O 2 consump- 
tion has now decreased to 43 cc. per minute. 

Hemorrhage. Twelve unanesthetized dogs were bled amounts ranging from 
11 to 49 % of their control blood volumes. The results are summarized in table 
2 . 

The cardiac output decreased immediately after bleeding. In some dogs the 
value returned toward the control levels (experiments 1, 2, 6, and 11, table 2) 
whereas, in others the output continued to decrease (experiments 3, 4, 5, 8 and 
9, table 2). 

After hemorrhage the heart rate was usually more rapid than during the 
control period. This was not the case in experiments 1 and 8 (table 2), but 
tliese dogs were excited, the control heart rates lying between 140 and 200 beats 
per minute. Rapid, post-hemorrhagic heart rates were associated with stroke 
volumes which had decreased to a smaller fraction of the control stroke volumes 
than had the corresponding cardiac outputs. After bleeding, the total peripheral 
resistance (R) increased 1- to 3-fold in 11 of the 12 dogs studied. 

No marked changes in the expired air volumes were observed after hemor- 
rhages amounting to 11 to 28% of the control blood volumes. B}’’ chance the 
pulnionarj' ventilation was not measured in the animals in which the blood 
volume was reduced more than 30%. 

The 0: consumption decreased considerably immediately after hemorrhage. 
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Subsequent determinations showed that the O 2 consumption continued to 
decrease in some experiments (dogs 2, 3, Jt and 5, table 2). In other fluimnlR 
(dogs 1, 6, 6, 9 and 11) the initial fall in the metabolic rate was followed by a 
variable amount of recoveiy. In most of the experiments a higher R.Q. was 
found after hemorrhage than during the control period. 

The arterial O 2 content was not gi'eatly altered by the bleeding, whereas in 
all but one instance (experiment 2) the O 2 content of the mixed venous blood 
decreased considerably. The arterial-mixed venous O 2 increased, the maximum 
increases occurring in the dogs which Avere subjected to the largest hemorrhages. 

Discussion. Even the most casual reader must be impressed by the low 
cardiac outputs and the very small outputs per beat which are shown by our 
shocked animals. In this connection the recent statement of Eckstein et al. (10) 
that a blood floAv of 150 cc. per minute is approximately the loAvest critical level 
AA^hich sustains the heart and circulation of a 10 to 12 kgm. dog is of interest. , 

The decreased cardiac output Avhich folloAA's hemorrhage or muscle trauma 
markedlj'' reduces the Amlume fioAV through the tissues. This is associated in 
our experiments as AA^ell as in those of Blalock and Bradburn (11) AAuth a pro- 
gi’esswe decrease in the O 2 content of the mixed A’^enous blood. Tlie decrease 
in the mixed venous O 2 content (increase in arterial-mixed A’^enous O 2 difference) 
is a function of the rate of blood floAv and of the O 2 consumption of the tissues. 
Since in our experiments the change in arterial-mixed venous O 2 content is so 
much greater than the change in O 2 consumption the magnitude of the former 
can be used as an index of the decrease in cardiac output (fig. 2). 

The fact that it is often impractical to obtain mixed venous blood for the 
determination of O2 content makes the relation of the O2 content of blood in 
the peripheral veins to that in the mixed venous blood of interest. According 
to the data of Blalock and Bradburn ( 11 ) the changes in arterial-femoral or 
jugular venous O2 difference Avhich folloAV muscle trauma or hemorrhage bear a 
linear relation to the arterial-mixed venous O2 difference. A similar relation 
can be shoAAUi by plotting the arterial-jugular venous O2 differences against the 
arterial-mixed venous O2 differences of dogs injected subcutaneously AAlth hista- 
mine (12) or by comparing the O 2 contents of portal and tail A'^eins of bled rats 
(13). Gregory and EAAfing (14) aaEo studied the peripheral A’^enous Oo content 
of dogs subjected to muscle trauma found a progressive and large decrease in 
the A'^enous O2 content in all of the animals that died, but not in those AAEich 
survwed. According to these authors extreme decreases in the O2 content of 
the A’^enous blood may occur many hours before blood-pressure changes or before 
sudden death. It is, of course, AA’ell knoAA'n that blood draining exposed regions 
of the body may A^ary greatly in O2 content as compared AAith venous blood in 
deeper regions of the body (15). Nevertheless, Ave have found that the O2 con- 
tent of the jugular venous blood correlates AA-ell AA'ith other metabolic changes 
related to blood floAV (16). 

Although the hemod 3 mamic changes produced bj" hemorrhage and muscle 
trauma are similar, certain differences are present. The arterial pressures and 
the peripheral resistances are higher in traumatized dogs than in animals in 
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which the blood volume has been reduced to the same extent by hemorrhage. 
Moreover, trailmatized dogs rarely survive with a residual blood volume less 
than 65 cc. per kgm. of body weight, whereas in hemorrhagic shock animals do 
not succumb unless the blood volume is reduced to 58 cc. per kgm. (17). The 
clinical appearance of the animals in the two forms of shock is not the same, 
but the difference is difficult to define. 


Z 



A-V Oz DIFFERENCE VOL. % 

Fig. 2. The relation of cardiac output to the arterial-mixed venous 0; difference in dogs. 

SUMMARY 

Mfiien the blood volume of dogs is reduced by 30 to 40% following muscle 
trauma, shock occurs. The Oo consumption decreases to between 40 and 60% 
of the control values. The cardiac output (Fick method) is progressively 
reduced eventually reaching values only 10 to 25% of the control outputs. The 
high heart rates of severe shock are associated with extremety small outputs 
per beat (1 to 3 cc.). Arterial O 2 saturation is relatively unchanged, but the 
mixed venous O 2 content is low, being almost complete^ reduced in some instan- 
ces. Tiiese changes in the venous blood greatly increase the A-V O 2 difference 
which sometimes approximates the O 2 capacity of the blood. The pulmonarj’’ 
ventilation and the R.Q. increase. Calculated peripheral resistance increases. 

For the same reduction in blood volume the respirator^" and circulator^" changes 
which occur in bled dogs are similar to those obser\-ed following muscle trauma. 
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Certain differences are present, however, for the arterial blood pressures and the 
calculated peripheral resistances are higher in traumatized animats than in those 
in which the blood volume has been decreased by hemorrhage. 

The relation of the peripheral venous O2 content to the cardiac output is 
discussed. 
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If a measured amount of a substance is rapidly injected into a vein, and its 
mean concentration in arterial blood during the period of its first passage past a 
collection point in an artery is determined, the cardiac output is given by the 


expression F = 


60A 

TC’ 


where F is cardiac output in liters per minute, A is the 


amount of the injected substance in milligrams, T is the number of seconds dura- 
tion of the curve of passage and C is the mean concentration of the added sub- 
stance, expressed as milligrams per liter, in the arterial blood during the T seconds 
time of passage (1, 2); this is procedure II of Stewart’s 1921 paper. Stewart’s 
technique did not permit a continuous recording of the conductivity changes re- 
sulting from rapid injection of hypertonic sodium chloride solution, and his pro- 
cedure I, based on the determination of a temporarily maintained increment in 
arterial blood conductivity during constant infusion, may give erratic results 
because of recirculation (3). The principle has been successfully applied by 
Hamilton (4, 5, 6), using a non-diffusible dye instead of salt, and collecting many 
samples of arterial blood at about second intervals following the intravenous 
injection, thus permitting exclusion of the recirculated dye. Hamilton’s meas- 
urements are probably as accurate as any that have been made on dog and man; 
his technique has not been wdely employed, presumably because of the incon- 
venience of collecting the many arterial blood samples and determining their 
dye content. 

It appears that a method which would permit a continuous recording of the 
intra-arterial concentration changes following intravenous injection, without 
the collection of arterial blood samples and without exposing the artery, would 
be advantageous; this paper reports on such a method. The objective has been 
to fashion a conductivity cell small enough to be inseided into an unexposed 
arterj-- and to employ it as one arm of a conductivity bridge, to balance the bridge 
against the normal arterial blood resistance, and to follow continuous^ the 
bridge imbalance resulting from the passage of rapidly injected intravenous 
hypertonic sodium chloride solution; by comparing the mean height of such 
curve of bridge imbalance with a calibration curve obtained by titrating a blood 
sample against the injected solution, the mean concentration (C) of added salt 
durirrg the curve of passage and the duration of such curve (T) can be obtained. 
Since the amount injected (A) is knoum, cardiac output (F) can be calculated. 

Conductwity cell. Two types have been employed. The first is made by 
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stretching parallel two platinum wires of about 0.2 mm. diameter about 0.2 
mm. apart and coating them with an air-drying solution of some insulating 
plastic. Lead wires are soldered on, the assembly inserted through the nipple 
of a hypodermic syringe barrel and sealed in with the plastic; the lead Andres 
emerge from the proximal end of the barrel. An 18- or 19-gauge needle is inserted 
into an artery and the pair of electrodes encased in their insulating cylinder in- 
serted as a stjdette, the tip of the assembly projecting just beyond the tip of 
the needle and lying in the blood stream, the cross sections of the Avires being 
the electrodes of the cell. The nipple of the syringe barrel holding the cell con- 
nects AAdth the hub of the needle in the arteiy. 

The other type of cell is a pair of concentric hypodermic needle electrodes. 
The shaft of a 23-gauge needle is coated A\dth an insulating plastic, and a lead 
Avire soldered to the hub. The shaft of a 19-gauge needle is cut off, a lead AAare 
soldered near its proximal end and the shaft covered AAnth insulating plastic. 
This 'shaft is then put as a sleeA'^e over that of the 23-gauge needle and the tAA^o 
firmly bound by the insulating plastic. Insulation covering the beveled ends of 
the needles, AA^hich are flush, is pohshed off, the beA^eled tips of the needles form- 
ing the cell electrodes. The assembty is put onto a h 5 'podermic sj^inge contain- 
ing a httle heparin solution and bearing a barrel lock. After the needle electrodes 
are inserted into the artery the lumen of the inner electrode is flushed out oc- 
casionallj'’ Avith the heparin solution. This deAuce has reduced the incidence of 
incipient clotting, AA^hich is often a source of trouble manifested by a progi-essive 
rise in base line resistance. Various types of insulating plastic have been used; 
it is not noAV possible to sa}’' Avhich is the best;- most of the experiments reported 
Avere AAdth a concentric needle cell AA'hich I prepared AA’ith General Electric’s '1201 
glyptol. 

Source of current. It Avas soon found that, presumably because of the A^eiy 
small electrode surfaces, the conventionally employed 1000-cycle current AA'as 
not suitable. Tavo salt solutions of Iuioaati specific conductivit}'- Avere prepared 
and the ratio of their conductivities verified by determination in a conventional 
type (large electrode surface) cell, using 1000-cycle current. When the ratio 
of their conducthdties AA’^as determined using the small electrode cells described 
here, AAdth 1000-cycle current, it AA^as found to be A'^ery different from the normal 
and to approach normal as cycle frequency'' Avas increased, becoming normal at 
70,000 cycles. This frequency Avas accordingly employed Avith these cells, the 
source being an electronic oscillator. 

Potential recorder. No means of keeping the bridge in balance during the pas- 
sage of the salt and recording continuous^- the compensating resistance and 
capacitance required to maintain such balance could be devised. Bridge im- 
balance is therefore permitted to take its course and is recorded on a cathode 
ra}' oscillogi'aph. The mean height of such recorded imbalance cuiwe can be 
translated into change in salt concentration by comparison Avith the changes in 
spot pattern height seen on a titration calibration curve. Bridge potentials are 

- I wish to thank Mr. L. A. Hawkins of the General Electric Laboratories, Schenectacl}-, 
N. Y.. for having prepared concentric needle assemblies with formex insulation. 
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suitably amplified between bridge and oscilloscope; sweep speed of the oscillo- 
scope soot is about 3.65 mm./sec. and is accurately determined at each experi- 
ment. The oscillographic record is photographed. 

Calibration curve. A sample of salt solution, e.g., 0.7% sodium chloride, is 
put into a beaker and the conductivity cell inserted; a constant and stable read- 
ing is obtained, bridge balance being indicated by minimum pattern height (about 
1.5 mm.). Equal increments of added 3% sodium chloride solution produce, 
after stirring, essentially equal increments in pattern height, i.e., in bridge im- 
balance, such imbalance being due in part to change in conductivity and in part 
to change in capacity. This essentially straight-line relation holds with changes 
in conductivity of up to about 10 % and may be predicted from the following. 
Consider the bridge balanced, with each of the two fixed arms of resistance K, 
the unknovm Ra and the balancer R 4 ; the potential across the recorder is now 
zero, since R 3 = R 4 . Change R 3 by a fraction x, producing a bridge potential 
imbalance, A v. 


Then A v 




K 


K 


-1’ w; 


here V is the impressed potential. 


.K-t-Ra K+(l+x)R3j 

If all arms at balance are equal (which approximates our conditions) a decrease 
of 4% in R3, i.e., x = —0.04, gives a bridge potential imbalance A v, which jis 
1 . 02 % of V, and a decrease of 8 % in Rs gives an imbalance of 2.08% of V. Since 
the observed bridge imbalances produced on successive additions of hypertonic 
salt solution follow rather closely the above prediction, it follows that the com- 
ponent of bridge imbalance due to changes in capacity is approximately pro- 
portional to that due to changes in resistance, under the conditions of these de- 
terminations. In any event, we are not concerned vdth the relation of change 
in resistance to added salt but in the relation of change in spot-pattern height 
to added salt, and it makes no difference, for the purposes of this titration, how 
much of the change in pattern is due to change in capacity and how much is 
due to change in resistance. 

The calibration curve on titrating blood with hypertonic salt offers a complica- 
tion not seen when a salt solution or plasma is titrated. If, with the bridge 
balanced, salt solution or plasma is stirred, immediately on cessation of sthring 
the pattern returns to minimum height and remains stable. When blood is 
stirred, the pattern usually does not return promptlj’- to its former value but 
shows a decelerating drift back toward the original value. This is more marked 
with dog than with beef blood and with heparinized than with defibrinated blood. 
It is probably concerned vnth a reorientation of the cells; the theoretical implica- 
tions are probabty of considerable importance, but for our present purposes the 
phenomenon is merely a technical nuisance. The best that has been done to 
date in meeting this difficulty is to wait an arbitrary number of seconds (15 to 
60) after cessation of stirring, when the drift has almost or completely stopped, 
and to make all readings of a given titration at the same inter\’-al after cessation 
of stirring. 


Figure 1 gives a schematic representation of the apparatus. Ri and Ro are 
1000 ohms. Insert conductivity cell CC into an artery and balance the normal 
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blood resistance and capacity by adjusting B 3 and the variable condenser, giving 
minimum pattern height on the screen. Start the spot sweeping across the 
screen, inject a Imown amount of hj'pertonic salt into the vein. As the injected 
salt passes the electrodes, pattern deflection’ is recorded. The mean height of 
deflection is determined, and the mean concentration of added salt in blood pass- 
ing the electrodes during curve is obtained from the calibration curve. 

Model experiments. If a known amount of substance is dissolved in an un- 
knovTi stationary volume of liquid, the volume of liquid can be determined from 
the resultant concentration of solute after mixing. It is obvious that movement 
of the hquid could not affect this relation; this principle has been shovm b}" 
Haihilton and by others to afford a practical means of determining volume flow. 
In the present work, where concentration of added substance is not determined 
directly by chemical or colorimetric means but by changes in pattern height, 
it is necessary to show that a given increment of salt produces essentially the 




Fig. 1. Diagram of apparatus for recording intra-arterial conductivity changes. S 
source of 70,000 cycle current; Ri and R 2 , 1000 ohms; Rj, balancing resistance; CC, conduc 
tivity cell; A, amplifier; 0, oscilloscope; SP, spreader circuit. 

Fig. 2. Flow model. A, reservoir; B, injecting Sj^ringe; C, mixing bulb; D, conductivity 
cell; E, receiving cylinder. 

same change in pattern height when added to moving fluid as when added to 
the same fluid in a beaker. 

Experiments on running approximately 0.5% sodium chloride through the 
model are reported fli-st. In figure 2 the solution is run from the container A 
through the mixing bulb C into the graduate cjdinder E; rate of flow is varied 
by adjusting container height and glass tip at outlet and is measured vdth a stop 
watch, with an error of not more than 1 %. With the solution running, and the 
bulb C being shaken, the bridge is balanced to minimum pattern height, the 
spot sweep started and a knomi amount of 3% salt solution rapidly injected at 
B; records of which figure 3 is typical are obtained. 

A number of sets of such luns have been made; the findings of a typical set 
are given in table 1 . 

It is seen that there is complete agreement between ob.ser\-ed rate.s of flow 
and those calculated by the present method. Completeness of mixing is proved 
by absence of dancing of the pattern envelope as well as by agreement between 
obseiwed and calculated flows. If the mixing bulb is not shaken, the cun^e 
shows gi’eat irregularities. The reason for this is evident on inspecting the un- 
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shaken bulb during passage of a d 3 ''e injected at B ; marked streamlining of dj’’e 
columns is seen, which disappears on shaking. The mixing bulb contains seveial 
stainless steel balls Avhich are prevented from entering the bulb outlets bj'^ stain- 
less steel coil springs inserted into the bulb stems. 



Fig. 3. Records on injecting 0.5 cc. of 3% salt at B of figure 2, while 0.45 % salt is running 
through model. Time of injection indicated in 2 records by rectangular break in base line. 
Irregularity of rate of injection is shown by one asymmetrical curve; no error is introduced 
by this. X 6/10 


Tablu 1. Comparison of observed and conductivity method floios of salt solution 
Protocol of a series of runs made on model of figure 2. Approximately 0.45% sodium 
chloride solution was run through the model. Sweep speed 3.65 mm. per second, or 2.92 
mm. per second on the photographed record, which is X f. The calibration curve shows 
1 mm. change in pattern height per 9.9 mgm. per liter of added sodium chloride. On each 
run 0.5 cc. of 3% salt solution, or 15 mgm., ivas injected rapidly at B of figure 2. Calcula- 
tion of run 1. F = 247 ~ 0-220 L./rain. 


KUN 

CURVE 

PURATION 

CURVE MEAN 
HEIGHT 

ilEAN CONCEN- 
TRATION or 
ADDEP SALT 

1 

FLOW, conduc- 
tivity 

FLOW, 

OBSER\"ED 

cond. 

obs. 


sec. 

mm. 

msm.lL. 

cc./min. 

1 cc./min. 

■■1 

1 

16.6 

25.0 

247 

220 



2 

16.4 

24. S 

245 

224 


BIH 

3 


23.2 

230 

327 



4 

12.7 

21.3 

211 



1.00 

5 

12.7 

21.3 

211 



1.00 

6 

11. S 

22.5 

223 



1.01 


When defibrinated beef blood is run through the model similar results are 
obtained, but with some scattering. The errors with blood are someAvhat gi'eater 
than with salt solution because of greater difficult}" of ensuring complete mixing 
and because the titration calibration cuiwe is less precise than with salt solution, 
due to the presence of cells. The results of 3 sets of nms are shouTi in table 2. 
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On the average, the flows according to this method are higher by a small per- 
centage than the observed, but this hardly appears to be a systematic trend. It 
appears that a given increment of salt concentration in flowing blood produces 
essentially the same change in pattern height as it does in standing, recently 
stirred blood. 

Heart-lung experiments. Even though the flow of salt solution or blood in a 
model can be satisfactorily measured, there are further considerations in apply- 
ing this method to the intact animal. First, there is the possibility that part of 
the injected salt fails to reach the left heart through temporary loss in the lungs. 
Evidence that about 10% of rapidly intravenously injected sodium thiocyanate 
escapes on its first passage through the lungs has recently been published (3), 
although Stewart (2) found no evidence of such escape, since cardiac output 
figures obtained on salt injection into the left ventricle agreed fairly Avith those 
obtained on right A^entricular injection; right heart injections actuallj'^ gave 
someAvhat loAver A'-alues than the left, but this finding should be taken AA’ith some 


Table 2. Comparison of observed and conductivity method flows of defibrinated beef blood 

Procedure as in protocol of table 1 


rXPCHIMENT 1 

EXPEKIMENT 2 

EXPERtlEENT 3 

Cond. flow 

Observed 

flow 

cond. 

obs. 

Cond. Bow 

Observed 

flow 

cond. 

obs. 

Cond. flow 

Observed 

flow 

cond. 

obs. 

cc /min. 

cejmin. 


cc./min. 

cc./min 


cc./min. 

cc./min. 


280 

244 

1.15 

270 

273 

0.99 

402 

426 

0.95 

278 

243 

1.14 

211 

277 

1.00 

420 

424 

0.99 

278 

249 

1.12 

284 

281 

1.01 

424 

423 

1.00 

270 

253 

1.07 

181 

182 

1.00 

257 

235 

1.09 

267 

245 

1.09 

179 

185 

0.97 

239 

234 

1.02 




182 

185 

0.99 

247 

236 

1.05 


reservation. Hemlques (7), using sodium thiocyanate, concluded that intra. 
A'^enous or right heart injections AA^ere not suitable for cardiac output determina 
tions, AA'hile left ventricular injection Avas; he assumed that part of the salt AA'as 
lost on lung passage. He did not, hoAA'ever, measure the curves AAdiich can be 
constructed from the data of his first table on page 236 and the table on page 
237. ^Afiien these data are plotted and the areas of the curves measured, that 
of the cuiwe from the right A'^entricular injection is found to be 96% of that of 
the left A’^entricular injection cuiwe. This discrepancj’- is aa'cII AA'ithin experimental 
error and can at most only indicate that a small percentage of the salt is lost on 
the first lung passage. 

I haA^e done one experiment on this point. A dog heart-lung preparation AA'as 
used as described in the folloAAong paragraphs. Injections 1, 3 and 5 AA’ere made 
into the A’enous tube, 2, 4 and 6 into the left A'^entricle. The results are seen in 
table 3. 

Cardiac outputs as determined on intraA’^enous injections A\'ere 16, 14 and 6% 
higher than those determined on left A^entricle injections, aA^eraging 12%. The 
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discrepancjr is interpreted as due to salt loss on lung passage and agrees well 
with the average discrepancy of 10% found in the heart-lung experiments de- 
scribed in the following paragraphs. 

A further answer to this question has been sought by observations on dog 
heart-lung preparations. The salt solution was injected into the tube leading 
from the venous reservoir to the right auricle, and the electrodes put into the 
tube leading from the innominate artery. Left ventricular output, less coronary 
flow, was measured by a graduate cylinder and stopwatch. Since the con- 
ductivit}'^ method measures the entire left ventricular output, coronaiy flow 
must be added to innominate artery flow to permit a comparison. We have not 
determined coronary flow; values in the literature range from 5 to 15% of left 
ventricular output. We have assumed that left ventricular output is 1.07 
times innominate arterj'- flow in these preparations, the term ‘obseiwed cardiac 


Table 3. Comparisons of cardiac outputs as determined by intravenous and by left 

ventricular injections 


RUN 

TIMZ 

injection site 

FLOW 

Venous injection value 

Left ventricle injection value 

1 


vein 

cc.lmin. 

674 


2 


1. ventricle 

582 

1.16 

3 

2:49 

vein 

706 


4 

2:52 

1. ventricle 

1 

620 ' 

1 

1.14 


Increase flow 


5 

3:04 

1 

I vein 

828 



6 

3:07 

I 1. ventricle 

782 

1.06 



output’ meaning 1.07 x observed innominate flow. This factor maj'- be slightly 
low; it cannot be more than 1 or 2% too high. 

Figure 4 gives a comparison of obseiwed cardiac outputs so defined with those 
obtained by the conductivitj" method. These findings were obtained on a series 
of 10 preparations; rate of flow in a given preparation was varied byvaiying 
venous filling pressure. Figure 5 shows records of such experiments. 

It is seen that the cardiac output values with the conductivity method run, 
on the average, about 10% higher than the observed values. This may mean 
a) that a small percentage of the injected salt escapes in the first lung passage 
or h) that the observed or true output is more than 1.07 x the innominate flow. 
If one assumes that coronary flow is 12 rather than 7% of left ventricular output, 
the obsen'cd values would be closer to the conductivity method values. We 
conclude that not more than 10% of intravenously injected salt is usually lost 
on the first lung passage in a satisfactory dog heart-lung preparation. 

11 hen pulmonary edema comes on, the discrepancy between observed and 
conductivity values increases, indicating increased loss of salt in the lungs; the 
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points in figure 4 where such edema existed are designated bj'' E. Such edema 
must be marked; a few rales are quite consistent Avith normal cardiac output 
values bj^ the salt-injection method. It seems certain that there would be no 



Fig. 4. Cardiac outputs of dog heart-lung prepaiations as determined by conductivity 
method, plotted against observed outputs, where observed output is taken as 1.07 X ob- 
served flow from innominate arteiy. Heavy line indicates position of points shoAving com- 
plete agreement of determined with obseived outputs; lighter line shows 10% deviation. 
Presence of marked pulmonary edema designated by E. 



Fig. 5. Records from heart-lung preparations; time of injection not shown. X 6/10 

greater salt leakage into the lungs of a normal intact animal than into those of 
even the best heart-lung preparation; it is probable that moderate degrees of 
pulmonary edema Avill not A'itiate this method, although it is A'^eiy probable that 
sufficiently marked pulmonaiy edema and congestion Avould cause erroneousl}' 
high cardiac output Amlues. 
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No discernible break in the donnistroke, indicating beginning recirculation, 
is seen in our heart-lung records. Due to the capacity of the venous reservoir, 
only coronary recirculation can be present in these experiments. The records 
show that such amount of recirculation is too small to be recorded. With in- 
tact animals, recirculation within the period of the imbalance curve is sometimes 
discernible but usually not. 

Intact animal experiments. Here the electrodes were inserted into a femoral 
artery and the 3 or 5% sodium chloride injected rapidly into a jugular vein; the 
dogs were anesthetized with 30-33 mgm. intravenous nembutal per kilo. Figure 


t ^ t 



Fig. 6. Records from intact dogs. In 2 records beginning and end of injection are shown 
by breaks in base line. X 1/2 
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Fig. 7. Fick cardiac outputs in normal dogs as open circles, average value 3.81 L./ 
min./M". Conductivitj' cardiac output values in another series of normal dogs as closed 
circles, average value 4.12 L. /min./M-. 


G shows records from intact dogs. In this series no comparisons with the Pick 
method were made, but Fick determinations were being made on a different 
series of normal identically anesthetized dogs for a different purpose. Figure 
7 compares conductivity method values (closed circles) on one series of dogs 
with Fick values (open circles) on another series; the average of the conductivity 
values, 4.12 L/min/j\I=, is 8% higher than the average of 3.81 with the Fick 
method. 

Three difficulties not present in the model or the heart-lung experiments are 
encountered in the intact animal. The first is the question of recirculation dur- 
ing the first arterial passage, the second is the difficulty in recording sometimes 
seen due to improper placement of the electrodes in the arteiy or to the shifting 
of the electrode position with respect to the arterial wall, and the third is clot- 
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ting. Recirculation is absent in the model experiments and indiscernible in 
the heart-lung experiments; difficulties udth electrode positioning are not en- 
countered in the model or the heart-lung experiments, because the rubber tube 
serving as an artery is large enough so that the electrode surfaces remain at a 
safely great and constant distance from the wall; clotting is absent because de- 
fibrinated blood is used. The clotting difficulty could be obviated by hepariniz- 
ing the intact animal, but it has seemed desirable to avoid this, since it is hoped 
that the method can be used on the human subject. It is minimized through 
occasional heparin flushing of the inner electrode of the concentric needle-tj'^pe 
cell and can probably eventuallj'’ be eliminated through some further technical 
expedient; when it is present it can be recognized by a progressive increase in 
base hne resistance. 

The second, or electrode position, difficult}’^ makes this method unreliable, with 
present size cells, on small dogs, since it is not always possible to have the cell 
lie free in the blood stream of a small arteiy at a sufficient distance from the wall 
to ensure that the added salt has free access to the electrode surfaces and to 
avoid erratic changes in pattern height due, presumabb", to capacity changes 
brought about by variations in position of electrodes with respect to the arterial 
wall. With dogs weigliing over 15 kgm. satisfactory records can usualty be 
obtained. Even with large dogs, and with the heart-lung preparation, pulsatile 
variations in pattern height are seen with each arterial pulse; i.e., even when the 
electrodes are safely distant from the arterial wall there are changes in resistance 
or in capacity, or both, with each pulse. The pattern quicldy returns to its 
resting position between pulses, and our procedure so far has been to consider 
only the changes in interpulse pattern height as an index of changes in salt con- 
centration. The mechanisms of these pulsatile changes pose problems which 
will require further investigation. 

The question of recirculation remains to be considered. In his single rapid 
injection procedure Stewart recognized the arrival of the salt by the altered 
telephone tone; the completion of its passage was indicated by the decline in the 
alteration of the tone. He states (2) that “collection may be completed before a 
round of the circulation has been made by any appreciable part of the salt;” 
the evidence for this statement presumably is that the sound returned to mini- 
mum before showing a secondary rise, although there is no clear statement on 
this in his papers. Henriques (7) also found that all, or practical^ all, of intra- 
venously injected salt had passed a given point in a dog’s femoral arteiy before 
recirculation began. Hamilton and his associates, on the other hand, consist- 
entty find in both dog and man that recirculation begins before the initial arterial 
passage of intravenously injected dj’-e is completed; it appears from their pub- 
fished curves that about 10%, sometimes up to 15%, has failed to make the first 
passage bj’’ the time the initial reappearance is seen. Thus, the data of experi- 
ment 11 (8), typical of their findings on dog and man, show that 8% of the area 
of the extrapolated ‘primary’ curve lies to the right of the point indicating the 
beginning of recirculation. In most of mj'' intact dog records there is no dis- 
cernible break in the falling limb of the cuiwe indicating onset of recirculation; 
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the pattern envelope returns almost or quite to minimum height before showing a 
secondaiy rise or flattening. Tlflien a break is seen it is more often a flattening 
rather than an actual rise. The procedure, therefore, has been to measure on 
the record the area of the primary cun^e udth a planimeter and to divide by the 
base line to get the mean height. When a break is seen on the doumstroke, the 
cuiwe is extrapolated to the base line. Comparisons of direct with semilogarith- 
mic extrapolations have shoum that no significant error is introduced by omitting 
semilogarithmic plotting, since that part of the area coming after the break is 
such a small fraction of the total. The minimum pattern envelope area (mini- 
mum pattern height x base line of curve) is subtracted from the total envelope 
area to get the increase due to increase in salt concentration. 


Table 4. Comparison oj Pick and conductivity methods for cardiac output in intact dogs 


DOG 

CONDUCTIVITY 
CARDIAC OUTPUT 

TICK CARDIAC 
OUTPUT 

Conductivity 

Pick 

OXYGEN 

CONSUirPTlON 

REMARKS 




1 

ec./min./M^ 


8 

3.72 

3.79 

0.98 

124 


12 

4.03 

2.87 

1.47 

120 



4.43 





13 

4.90 

3.30 

1.36 

135 



4.10 





15 

4.40 

3.69 

1.20 

133 



4.44 





16 

1.91 

1.89 

0.97 

83.5 

Dog 16 had been hypo- 


1.87 




physectomized 13 


1.64 




months and thyroid- 


1.66 


i 


ectomized 8 months 


1.86 




before this experi- 


2.04 




ment. 

17 

4.05 

2.77 

1.60 

130 



4.60 






4.62 





19 

5.80 

5.22 

1.11 

138 



Cotriparisoti of Pick and condticlivily values. In a series of 7 dogs cardiac out- 
puts were determined by the conductivity method, immediatelj'- followed by 
Pick determinations carried out as previousb’’ described (9). From 100 to 150 
mgm. sodium chloride in 3 or 5% solution was injected into a jugular vein; the 
electrodes were in a femoral arteiy. The results are seen in table 4, cardiac out- 
puts being given in liters per minute per square meter bodj’- surface. 

If wo accept the evidence of Hamilton and Remington (3) and of our table 3 
and figure 4 that about 10% of rapidly intravenously injected salt is lost on its 
first lung passage, we may reduce the conductivity values of table 4 by 10%. 
IMien this is done the conductivity/Fick ratios become 0.88, 1.32, 1.22, 1.08, 
0.8(, 1.44 and 1.00, an average of 1.11. Since no systematic sources of error 
arc apparent which would lead to erroneusly low values by the conductivity 
method, it seems probable that the cases where the ratios are less than unity 
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are due to erroneously high Pick values, or to inconstancy of cardiac output. 
It is believed that any existing cardiac output method is likely to have, for any 
individual determination of absolute values, an error up to about ± 15%. The 
conductivity /Fick ratios of 1.32 and 1.44 given above, after the tentative cor- 
rection for salt lost in lung passage, almost certainly indicate a failure of the 
passing salt to gain free access to the electrode surfaces, due either to incipient 
clotting or to improper electrode position in the arteiy. 

Circulation times. Jugular vein to femoral artery times in 13 intact normal 
dogs have been determined as follows (in seconds): 8, 7.5; 7, 6, 7; 5.5, 6, 7, 7; 
5, 5; 7; 9; 4.9, 4.6; 7; 7, 7; 6.5, 6.5; 5, 5, 5; 8.2; and 7.9 — an average of 6.7 seconds. 
In one dog jugular to carotid time was 5 seconds. Left ventricle to left ventricle 
time, i.e., from first arrival of salt to break in doum-stroke, Avhen present, has 
been in 12 dogs as follows: 9.5, 9.3, 8.8, 8.8; 10; 11; 7; 11, 9.5, 10; 9.5, 10, 9.5, 9; 
8, 9; 9; 10; 7, 9; 8; and 9, 10 — an average of 9.2 seconds. If one allows 1.5 
seconds for jugular to right heart time plus left heart to femoral time, the average 
pulmonary circulation time (right heart to left heart) is 6.7 — 1.5, or 5.2 seconds. 
If this is subtracted from 9.2, the average of the left ventricle to left ventricle 
times, we get an average of 4.0 seconds for most rapid passage from left to 
right ventricle. In general, the lower times are seen vdth the higher cardiac 
outputs per for dogs of comparable size; they are lower for small than for 
large dogs when output per is about the same. The hypophysectomized- 
thyroidectomized dog, with a cardiac output of less than 1.9 L/min./M^ and 
weighing 23.2 kgm., had a very long jugular to femoral time; unfortunately, 
the injection times were not signalled on these records but the intervals were 
at least 12 seconds. Left ventricle to left ventricle time cannot be determined 
on this dog, since there was no discernible break in the descending curve and 
no increase of pattern height for several seconds after completion of the curve. 
In many, even in the majority of instances, the beginning of recirculation is 
not identifiable, or is not seen until 1 or 2 seconds after the primary passage 
has been completed ; the duration of this primary curve in normal dogs has ranged 
from 9 to 16, averaging 12.3 seconds. Wlien the break is not discernible on the 
descending curve, the secondary rise after completion of the curve is usually so 
gradual that, unless the spot is completely free from drift, its beginning cannot 
be accuratel}'’ localized. Since the average of the left ventricle to left ventricle 
times, 9.2, is less than that of primary arterial passage, 12.3, it appears that in 
most cases the fu’st recirculation will appear shortly before the end of the primary 
arterial passage but that the initial amount is so low that it may be neglected. 
The less conspicuous evidence of recirculation in these experiments than is seen 
with Hamilton’s dye injections is presumably because of greater salt than dj'^e 
loss on fii'st passage through systemic capillaries. 

Discussion. The gi-eatest difficulty with this method is in avoiding inter- 
ference with the record through capacity or resistance changes due to movements 
of the arterial wall with respect to the electrodes, and in ensuring that the salt 
making its arterial passage gains free access to the electrode surfaces. These 
difficulties are greatly reduced wlien working with large arteries and are absent 
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when a tube of 7 mm. bore serves as an artery. Since man’s femoral artery ap- 
proximates this size, there should be less difficulty in appbdng the method to 
man than there has been with the dog; also, it may be possible to make a cell 
even smaller than those so far used. 

It may be found advantageous to use the record in the same way that Stewart 
used the telephone, as a means of recognizing the end of the primary arterial 
passage, and collecting arterial blood as one sample throughout the period of 
such passage. This would avoid the necessity of multiple samples, inherent in 
Hamilton’s technique, and the necessity of photograpliing and measuring the 
records of .the present method; it would have the disadvantage of requiring 
another arterial puncture. 


SUMJLA-RY 

1. A method for continuous recording of the impedance changes produced in a 
flowing stream by rapid injection of a measured amount of sodium chloride is 
described and is shoum to afford accurate measurements of volume flow of a 
salt solution or of d'efibrinated beef blood. 

2. When the method was applied to the dog heart-lung preparation the deter- 
mined cardiac output values averaged about 10% higher than the observed out- 
put; this is interpreted as indicating not more than a 10% loss of salt on lung 
passage. 

3. The method when applied to the intact dog showed fair agreement with 
Tick determinations, the values ranging from 13% less to 22% greater than the 
corresponding Fick values in satisfactorj”- experiments. 

4. Jugular to femoral time in the normal intact anesthetized dogs was 5 to 9 
seconds, averaging 6.7; left ventricle to left ventricle time 7 to 11 seconds, 
averaging 9.2. In most cases all, or practically all, of a rapid intrajugular in- 
jection of salt passed a given point in a femoral arterj^ before discernible recir- 
culation occurred. 

5. Circulation time was greatly lengthened and cardiac output decreased in a 
hypophysectomized-thjToidectomized dog. 

6. Repeated determinations may be made at minimum inteiwals of about one 
minute. 
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The purpose of this paper is to describe the use of Russell viper venom as a 
means for revealing both the intensity and the duration of the anticoagulant 
action of heparin in the dog. 

Method. Blood was obtained by venipuncture and was decalcified by mixing 
tvith 2 mgm. of dry potassium oxalate per ml. of blood. It was promptly cen- 
trifuged and the clear plasma was diluted to 25% by adding three volumes of 
0.9% NaCl. To a 0.1 ml. portion of this diluted plasma there was added 0.2 
ml. of a mixture of equal parts of Russell viper venomL 1:10,000, and CaCL, 
1%. Time was measured from the moment the venom-CaCL mixture was 
added until the first flecks of fibrin appeared. For the sake of convenience 
this time will be designated as the R.V. time. Both the Lee-'White clotting times 
and the prothrombin time determinations were carried out as described by 
Quick (1). Heparin^ was dissolved in 0.9% NaCl and injected intravenously. 
More than 45 experiments on 9 different dogs were performed. 

Analysis of results. It was found that the administration of heparin pro- 
duced a sharp rise in the R.V. times. The intensity of the heparin action then 
diminished in hyperbola-like fashion, rapidly at first but more and more slowly 
as time progressed. This is shown in fig. 1. The plotted lines are rectangular 
hyperbolas which were calculated by transforming both the R.V. times and the 
sampling times of table 1 into logarithms and fitting the best straight lines by 
means of least squares. On reconverting the logarithms into antilogarithms, 
equations for hj’-perbolas were obtained. 

The position and shape of the curves in fig. 1 point to the existence of a quan- 
titative relationship between the dosage of heparin and the R.V. time curves. 
It will be observed that as the dose was increased both the intensity and the 
duration of the heparin effect also increased. This is reflected in the two param- 
eters, k and n, of the tj’-pe formula for a rectangular hyperbola. In the equa- 
tion y — kx~^, 24 represents the R.V. time, x the sampling time and k and n 
are constants for any particular curve. The following equations from the data 
of table 1 were obtained for the four heparin dosage levels listed below: 

55 units per kgm y = 

110 units per kgm y = 2S9.x“'’--‘“ 

165 units per kgm 2 / = 

220 units per kgm ! y = 2145x-° <^^-* 

* Supplied as ‘Stypven’ Brand Russell Viper Venom by Burroughs Wellcome & Co. 
(U.S.A.) Inc. 

^ Manufactured by Connaught Laboratories, Toronto, Canada. 
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Good dosage-response curves are obtained when either fc or n is plotted against 
the dosage of heparin as is shovm in fig. 2. 

There are three important sources of error to be considered in these experi- 
ments. One inherent source of error lies in the hyperbolic shape of the curv^es 
discussed above. The consequence of the relatively rapid fall in the early part 
of theburve is that a small error in sampling time will produce a large deviation 



Sampling lime in minutes 


Fig. 1. The effects of graded dosages of heparin on the percentage increase in R. V. time. 
I, 55 units of heparin; JI, 110 units of heparin; III, 165 units of heparin; and IV, 220 units 
of heparin. 


in the R.V. time. However, the contrary is true for the latter portion of the 
curve. Here the rate of change of R.V. time with sampling time is small, and 
errors of several minutes in the sampling time are of no practical importance. 
A second source of error is that associated with the actual determination of the 
R.V. time. This is very small for the procedure jdelds remarkably reproducible 
values as is indicated by the control data of table 1. Finally, there are the errors 
associated with animal variation. These are considerable. Table 2 shows that 
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both control R.V. times and prothrombin times vary from animal to animal. 
Large day-to-day variations were also found in the responses of dogs to the same 


Table 1. Increased R.V. times produced by graded dosages of heparin 


DOSE OP 
HEPAEIN 

CONTROL 

R. V, TIMES 

MEAN % INCREASE IN R. V. TIME AT THE INDICATED SAMPLING PERIOD' 

5 min. 

10 min. 

20 min. 

30 min. 

60 min. 

120 min. 

unils per hgm. 

sec. 







55 

28.7 








29.0 

119 

114 

87 

94 

107 

— 


28.8 







no 

— 









213 

139 

129 

119 

112 

98 


31.0 







165 

26.3 








26.2 

353 

283 

190 

182 

147 

118 


26.0 


1 



1 

1 

220 

24.3 








24.0 

750 

620 

250 

202 

130 

117 

1 

23.8 








^ Based on triplicate determinations. The units of heparin are those assigned by the 
Connaught Laboratories. The same dog was used for all experiments. 



Units of heparin per kgm. Units of heparin per kgm. 

Fig. 2. The relationships of the constants k and n to the dosage of heparin. 

doses of heparin. This is in accordance with the experience of Jaques (2). 
Therefore, it is best to design each experiment as a separate entity instead of 
trying to establish normal reference values or standard cuiwes. 
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It is interesting to compaje the results obtained with Russell viper venom 
with those obtained with other tests of the blood coagulating mechanism. The 
Lee-White times were greatly prolonged by the heparin. For example, a dose 
of 110 units per kgm. so altered the blood that samples taken up to 40 minutes 
afterward failed to clot within 8 hours. The clotting times of subsequent samples 
diminished rapidly, so that at 80 minutes the clotting time was 5 minutes, and 
at 3 hours the time was subnormal, i.e., 1.5 minutes. These results are in accord- 
ance with the well-known anticoagulant action of heparin. 

In these experiments heparin had little effect on the prothrombin times as is 
sho'wn in table 2, even though the comparable R.V. times were considerably 
increased. Such slight increases as did occur were greatest when the control 
prothrombin times and the control R.V. times were most nearly alike. It was 
found, however, that if the thromboplastin were sufficiently diluted, i.e., 1/50 
of Quick's recommended concentration, that the heparin action would become 


Table 2. Comparative increases in R.V. tunes and prothrombin times after heparin 


DATE AND 
ANIMAL 
NUMBER 

HEPARIN 


CONTROL 

OBSERVED INCREASES OVER CONTROL TIMES (iN SECONDS) 

AT THE DESIGNATED SAURLINO TIMES' 


vnils ptr 
ksm. 


sec. 


1 

1 

—— 

1 


Jan. 16 

112 

Sample 


30 

60 


240 

300 

Bog D 


R.V. 

22.0 

39.1 

8.5 ^ 


2.5 

1.1 



Bai 

23.8 

3.2 

2.8 

■1 

2.0 

1.0 

Jan. 15 

75 

1 

Sample , 


30 

1 

60 

1 

120 

240 

300 

Dog E 


R.V. 1 

24.9 

18.3 

7.3 

7.0 

5.3 

0.2 



wm 

19.5 

2.1 

i 

0.5 

3.2 

1.9 

Jan. 12 

150 

Sample 


n 

n 


240 

300 

Dog C 


R.V. 

28.2 



■b 

2.6 

0.1 



mm 

19.4 

n 


B 

-0.2 

0.6 


* ‘Sample’ refers to the times at wliich the blood samples were taken in minutes after 
dosing with heparin. R.V. indicates R.V. times; P.T. indicates prothrombin times. 


clearly evident. It may be pointed out that the times obtained under these 
conditions are no longer prothrombin times, since one of the fundamental prin- 
ciples of Quick’s method is that the thromboplastin must be present in excess. 
It is further interesting to note that the relative behaviors of thromboplastin 
and of Russell viper venom as described above tend to be reversed after dicumarol 
treatment (3). Here, although both clotting accelerators reveal the coagulation 
defect induced by dicumarol, thromboplastin is more sensitive than RusseU 
viper venom. It seems probable that the comparative results obtained with 
dicumarol and heparin support Edsall's (4) conclusions that the coagulating 
actions of thromboplastin and Russell \dper venom follow independent paths. 

SU.MMARY 

1. Russell viper venom reveals both the intensity and the duration of the 
anticoagulant action of heparin. 
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2. Graded doses of heparin produce a graded series of heparin duration curves 
as measured by the R.V. times. 

3. E..V. times were more effective than prothrombin times in revealing the 
anticoagulant action of heparin in the dog. 
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The concept that prothrombin is a unitary principle was generally accepted 
until 1943, when the writer (1) presented experimental findings that clearly indi- 
cated that this view was no longer tenable. It was shown that the diminution 
of prothrombin activity in stored plasma was due to the disappearance of a labile 
factor which was not adsorbable by aluminum hydroxide, nor was it diminished 
in dicumarol poisoning. This factor was designated as component A. The 
principle which was diminished after the administration of dicumarol and was 
adsorbed by aluminum hydroxide and similar agents was named component B 
and was considered the body of the prothrombin complex. The hypothesis that 
the two components were linked through calcium failed to be substantiated by 
later studies (2). The findings of the writer have been confirmed by Oneal and 
Lam (3) and by Munro et al. (4), but Seegers and his associates (5) have voiced 
their disagreement with the hjijothesis and have strongly defended the unitary 
concept of prothrombin. 

Evidence, however, has accumulated which definitely suggests that factors 
other than the three agents postulated in the classical theoiy of coagulation have 
a role in the fonnation of thrombin. Nolf (6) found that tricalcium phosphate 
removed one factor which he called thrombocjrme and failed to absorb an equall}’- 
essential principle which he designated thrombogene. Feissly (7), likewise, by 
means of fractional precipitation with sodium sulfate obtained evidence of two 
active fractions. Fantl and Nance (8) also have published results suggesting a 
new agent in plasma participating in the foi-mation of thrombin. Zondek and 
Finkelstein (9) presented results indicating a new factor which they consider a co- 
factor of thromboplastin. Honorato (10), who has studied the labile factor, also 
believes it is a co-factor of thromboplastin. Veiy recently'' Ware, Guest and 
Seegei-s (11) too have obtained data on a principle other than the orthodox pro- 
thrombin which influences prothrombin activit 5 ^ Most interesting has been 
Owren's (12) discoverj’- of a patient with a markedly prolonged prothrombin time, 
which could be corrected in vitro by the addition of ox plasma treated with alumi- 
num hydroxide, or, in other words, by the labile factor which the writer desig- 
nated as component A, and which Owren calls factor V. 

Any attempt to correlate these recent studies is beset with difficulties since each 
group of workers employed different experimental procedures. Furthennore, 
failures to recognize that fibrinogen, thromboplastin and other substances used 
as reagents were probably often contaminated with the new principle (13) further 
confuses the problem of unifying these divergent studies. Fortuitously the 

> This research was supported by a grant from the United States Public Health Service. 
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writer has had available two families in which several members have a congenital 
hj’-poprothrombinemia. The fact that the defect in one family is basically differ- 
ent from that of the second family made it possible to obtain data which enable 
the writer to present a clearer concept of the factors participating in the formation 
of thrombin than has hitherto been possible. A clinical study of these cases has 
been presented. (13a) 

Experuuental. Prothrombin time. The procedure was followed exactly as 
recently outlined (14). The constancy of the potency of the thromboplastin was 
vouchsafed by the fact that it consistently yielded a prothrombin time of 11| to 
12 seconds with normal plasma and 15^ to 16 seconds on the plasma of a subject 
with congenital hypoprothrombinemia, who has been studied over twenty times 
during the past 4 years. 

It should be emphasized that the experiments emploj’^ed were extremely simple, 
and that they were limited to human plasma in which the only alteration effected 
was the removal of calcium by sodium oxalate, thus to meet the objection of using 
species with heterogeneous mixtures of plasma. Dog plasma treated with tri- 
calcium phosphate according to the technique of Honorato (10) was used only 
when a high concentration of the labile factor was desired. Stored plasma was 
kept in open test tubes placed in a refrigerator in which the temperature was 
5-8°C. 

Congenital familial hypoprothrombinemia. In the first family of congenital 
hypoprothrombinemia studied, the mother, one son and daughter have a pro- 
thrombin time which is consistently 15| to 16 seconds. The son, R. F., has been 
studied extensivelj”- and some of that data is used in this presentation. 

In the second family two boys both have a prothrombin time of 19 to 20 
seconds. Since both have been bleeders from birth, the defect can be considered 
congenital. The father and mother have noi-mal prothrombin times. The blood 
of one of these boys, B. B., was used in this studj’", but the blood of his brother 
could equally as well have been used since it is indistinguishable from his. 

Most of the experiments were repeated several times, except those on dicumarol 
plasma, which was only studied once. 

Effect of storage on prothrombin activity. The experiments carried out to study 
the nature of the change in stored plasma are concisely summarized in table 1. 
From these findings one can conclude that when plasma ages, a factor diminishes 
which causes a prolonged prothrombin time. By mixing stored plasma with an 
equal volume of fresh plasma, the prothrombin time is restored to nonnal, which 
indicates that the latter contains an excess of the labile factor. The same is 
achieved by mixing the stored plasma and dog plasma treated with tricalcium 
phosphate in the ratio of 9 to 1. There is obviouslj'^ a sufficient quantity of the 
labile factor in dog’s blood to peirnit one-tenth of a volume to restore the amount 
lost in aged plasma. To avoid confusion, the principle diminished on storage is 
called the labile factor. 

The nature of the prothrombin defect in congenital hypoprothrombinemia 
{family 1). From the results recorded in table 2 a number of pertinent facts 
stand out. Mixing fresh normal human plasma vdth an equal volume of R. F.’s 
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plasma does not bring the prothrombin time to normal but to 13| seconds, which 
is the approximate expected value which should be obtained according to the 
author’s prothrombin curve when a plasma containing 45% prothrombin is mixed 
with an equal volume of plasma containing 100%. The fact that fresh plasma 
of E. F. when mixed with stored normal plasma brings the prothrombin time to 
13^ seconds (mixture III) shows that E. F.’s plasma contains as high a concen- 
tration of the labile factor as does normal plasma. On adding dog plasma treated 
■with tricalcium phosphate to stored E. F.’s plasma (mixture V), the prothrombin 


Table 1. Effect of storage on prothrombin aclivitg of oxalatcd human plasma 


TYPE OF PLASMA 

PROTHROMBIN TIME IN SECONDS 

Fresh normal 

Stored normal (6 days old) 
Dog Caj (POdi treated 

I Normal fresh 

1 volumel 

1 

1 

12 

45 

CC 

12 

Normal stored 

1 volume] 


II Normal fresh 

9 volumes'! 

i 

1 

12 

Dog Ca 3 (POda treated 

1 volume J 


III Normal stored 

9 volumes) 


12 

Dog Caj (POds treated 

1 volume 1 



Table 2. Prothrombin defect in subject B. F. (family 1) 


TYPE OP PLASMA 

PROTHEOMBIN TIME IN SECONDS 

Fresh normal 



12 

Stored normal (5 days old) 

» » «<• • 

• •••••• 

32 

R. F. fresh 

♦ . • «. • 

, 

16 

R. F. stored (2 days old) 

I R. F. fresh 

1 volume"! 

. . 

24 

13| 

Normal fresh 

1 volume] 


II R F. fresh 

1 volume) 


16 

R. F. stored 

1 volume] 


III R. F. fresh 

1 volume) 


13| 

Normal stored 

1 volume] 


IV R. F. stored 

1 volume) 


13| 

Normal stored 

1 volume] 


V R. F. stored 

9 volumes) 


16 

Dog Caj (POdi treated 

1 volume / 



is brought to its original value of 16 seconds, as is to be expected. Likewise, 
mixing fresh and stored plasma of E. F. yields a prothrombin time of 16 seconds 
(mixture IV). 

It seems justifiable to conclude that E. F. lacks the conventional prothrombin 
which the ^v^iter has labeled component B. This factor determines the pro- 
thrombin time in normal plasma. A moderate excess of the labile factor 
apparently does not significantly alter this fixed value either in normal or in con- 
genital component B deficient plasma. 
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The nature of the prothrombin defect due to dicuniarol. It appears fairlj’' obvious 
that the results obtained with dicumarol plasma (table 3) are verj’’ similar to those 
with R. F.’s plasma. On mixing equal volumes of R. F.’s plasma and dicumarol 
plasma, a prothrombin time of 16f seconds is obtained which is fairly in accord 


Table 3 Proihi ombin defect resulting from the action of dicumarol 


TYPE OF PLASMA 


Fresh normal 

Stored normal (2 days old) 

Dicumarol fresh 

Dicumarol stored 

I Dicumarol fresh 

1 volumel 

Normal fresh 

1 volume) 

II Dicumarol stored 

1 volume! 

Normal fresh 

1 volume) 

III R F fresh 

1 volume! 

Dicumarol fresh 

1 volume) 

IV Dicumaiol fresh 

9 volumes! 

Dog Caj (PO^)! tieated 

1 volume J 

V Dicumarol fresh 

1 volume! 

B B fresh 

1 volume) 


PROTHROMBIN TIME IN SECONDS 


12 

19 

18 

27 

14 

13 ^ 

16 h 

16 

14 


Table 4. Prothrombin defect in subject B. B {family 2) 


TYPE or PLASMA 

PROTHROMBIN TIME IN SECONDS 

Fresh normal 

Stored normal (2 days old) 

B B fresh 

B B stored (2 days old) 

IBB fresh 

1 volume! 


12 

19 

19 

24 

12 

Normal fresh 

1 volume! 


II B B stored 

1 volume! 


12 

Normal fresh 

1 volume) 


III B B fresh 

1 volume) 


111 

Normal stored 

1 volume) 


IV B B fresh 

9 volumes 

j) 

191 

Dog Cas (PO 4 ); treated 

1 volume 

) 

V B B. stored 

9 volumes 

>1 

19 

Dog Ca 3 (POi): treated 

1 volume 

) 

VI B B fresh 

1 volume! 


29 

Human fresh Caj (P 04)2 treated 

1 volume) 


VII B B fresh 

1 volume! 


29 

Physiological saline 

1 volume) 



with the expected value. Dicumarol causes a diminution of component B, but 
does not affect the labile factor. 

The nature of the prothrombin defect in congenital hypoprothrombineima 
(family 2). The results obtained with the plasma of subject B. B. (table 4) Avere 
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unexpected and may be devastating in their import as to the present view con- 
cerning the relation of vitamin K to prothrombin. B. B. has a prothrombin time 
of 19 seconds which brings him into the hemorrhagic level. On mixing his plasma 
with an equal volume of normal fresh plasma, the prothrombin time is restored 
exactly to normal. Likewise, an equal mixture of B . B . ’s stored plasma and fresh 
normal plasma yields a prothrombin time of 12 seconds. A priori it appears that 
B. B.’s plasma lacks the labile factor, but on mixing fresh B. B. plasma with 
normal stored plasma, a normal prothrombin time is likewise obtained. 
Therefore B. B.’s plasma must contain the normal amount of the labile factor. 
That it is not missing in the boy’s blood is further substantiated by the fact that 
when dog plasma treated with tricalcium phosphate is added to the fresh plasma 
of B. B. (mixture IV), the prothrombin time is not restored to normal and, when 
added to stored B. B. plasma, merely brings the prothrombin time to its original 
value of 19 seconds (mixture V). 

The simplest explanation for these results is that B. B. lacks a factor which is 
neither component B nor the labile factor that disappears in stored plasma, but 
a distinct principle which is essential for prothrombin activity. The writer pro- 
poses that this new principle be named component A, instead of employing this 
designation for the labile factor as he had originally done. 

The new component is adsorbed by calcium triphosphate just as is component 
B, for on treating fresh noimal plasma with this reagent and then mixing it with 
an equal volume of B. B.’s plasma (mixture VI), a prothrombin time of 29 seconds 
is obtained, which is the same as when B. B.’s plasma is diluted Avith an equal 
volume of saline (mixture VII). Therefore, the normal plasma, which has the 
poAver to restore B. B.’s plasma to normal (mixture I), loses this ability AA^hen 
treated Avith tricalcium phosphate because this reagent adsorbs the factor AA^hich 
B. B.’s plasma lacks, namely component A. 

Since R. F. of the first family lacks component B, and B. B. is deficient in com- 
ponent A, a mixture of their plasmas in the ratio of 1 to 1 should mutually correct 
their deficiencies. The result of this crucial experiment Avas as folIoAA's: 


K. F. fresh plasma 1 volume 
B. B. fresh plasma 1 volume] 


Prothrombin time 
ISi seconds 


Thus R. F. plasma AAuth a prothrombin time of 16 seconds and B. B.’s of 19 
seconds, AA'hen blended have a prothrombin time of 13| seconds. The plasma of 
B. B. has a normal concentration of component B, and R. F. has sufficient excess 
of component A to compensate for AA'hat B. B.’s plasma lacks. Therefore, the 
prothrombin time is determined by the concentration of component B in the 
mixture, Avliich is approximately 70%, since R. F.’s plasma has been calculated 
to contain 45% of normal and B. B. has 100%. 

The prothrombin defect in viiamin-K deficiency. The Avriter found in his records 
of 1938, Avhen he studied various types of clinical Autamin-K deficiency, several 
obserA'ations Avhich are significant. The first Avere on the plasma of a newborn 
baby 3 days old. 
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Prolhromhin time 


Plasma of newborn 45 seconds 

Normal human plasma 12 seconds 


Plasma of newborn 1 volume 
Normal plasma 1 volume^ 


12 seconds 


Plasma of newborn 1 volume 

Normal plasma A1 (0H)3 treated 1 volume. 


90 seconds 


The second observations were on the plasma of a jaundiced patient tvho later 
responded promptl}’^ to vitamin K. 


Prolhromhin time 


Jaundiced plasma 48 seconds 

Normal plasma 12 seconds 


Jaundiced plasma 1 volume 
Normal plasma 1 volume^ 


12^ seconds 


Unfortunately these are isolated observations, and the tvriter has had no 
clinical material recently to repeat these experiments. Studies in experimentally 
produced vitamin-K deficiency, however, have been started and the results 
will be reported later. It seems justifiable to comment, however, that the obser- 
vations on “both the hypoprothrombinemia of the newborn and in the jaundiced 
patient appear not to be due to component B deficiency since the addition of 
normal plasma completely restores the normal prothrombin time. Since the 
plasma of the newborn when mixed with normal plasma treated vdth aluminum 
hydroxide prolonged the prothrombin time from 45 to 90 seconds, it seems fairly 
certain that avitaminotic K plasma does not lack the labile factor. One can 
therefore tentatively postulate that vitamin K is essential for the synthesis of 
component A. 

Discussion. On the basis of the results presented it can be concluded that a 
prolonged prothrombin time by the one-stage method may be due to a diminution 
of any one of three different factors: component A, component B or the labile 
factor. Normally it appears that human plasma contains a fixed amount of com- 
ponent B, the conventional prothrombin of the classical theorj’-, and that its con- 
centration chiefiy determines the prothrombin time. The second factor, com- 
ponent A, is present in slight excess of the actual need as shown in table 3. When 
this factor is diminished, it produces a hypoprothrombinemia and a bleeding 
diathesis indistinguishable clinically from any other type of hypoprothrom- 
binemia. The labile factor is still an enigma. It may well be that it is a non- 
specific substance present in plasma to maintain a proper oxidation-reduction 
potential. If it can be confirmed that component A is synthesized through vita- 
min K, which itself has a fixed oxidation reduction potential, one is tempted 
to postulate that the activity of component A is dependent on the labile factor. 
In previous studies it was shovm that the latter factor is slowly destroyed by 
oxidation. 
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According to the concept developed in this presentation the equation for the 
formation of thrombin is: 

Prothrombin (A and B) + labile factor + thromboplastin + calcium = thrombin 

The prothrombin time of the one-stage method normally measures component B, 
but a prolongation may be due to either component B or A deficiency. In 
dicumarol poisoning, component B is decreased; whereas in vitamin-K deficiency 
preliminary findings suggest that component A is diminished. Interestingly, a 
congenital defect of a fixed low level of component B in one family and of com- 
ponent A in another family has been shown to exist. 

No attempt will be made to postulate how these various factors interact to 
form thrombin. The original observation of Mertz, Seegers and Smith (16) that 
the formation of thrombin is a stoichiometric reaction is in agreement with the 
writer’s recent findings of prothrombin consumption in the coagulation of hemo- 
philic blood (16). Particular caution must be exercised in using terms such as 
prothrombin accelerator. If the formation of thrombin is a stoichiometric re- 
action, it follows that its speed is governed by the law of mass action. 

SUMMARY 

Two families of which several members in each have congenital hypoprothrom” 
binemia were studied. The prothrombin time in the affected members of the 
first family was consistently 15| to 16 seconds. In the second family, it was 19 
to 20 seconds. 

A study of the hypoprothrombinemia of the first family by means of the one- 
stage prothrombin method showed that the blood was deficient in component B. 
A similar deficiency is caused by the administration of dicumarol. In the second 
family, the hypoprothrombinemia was due to the lack of a second factor, desig- 
nated as component A. Preliminary studies suggest that it is this principle 
which decreases in vitamin-K deficiency. 

A labile factor which disappears from stored plasma due to slow oxidation is 
also essential for prothrombin activity. 

Present evidence indicates that in the formation of thrombin the following 
agents are required; prothrombin (components A and B), a labile factor, throm- 
boplastin and calcium. There is no evidence that any of these agents are 
enzjTUGs. The reaction appears to be strictly stoichiometric. 
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The development of the physical and physiological concepts regarding molecu- 
lar nitrogen in the animal organism has been adequately reviewed and extended 
(1-16). Because of the role of dissolved blood and tissue nitrogen in the genesis 
of intravascular bubbles, the influence of prophylactic denitrogenation in de- 
creasing the severity of decompression sickness and aeroembolism has been 
repeatedly studied in both experimental animals and human subjects (3, 5-7, 
10-13, 16). During an investigation of the responses of anesthetized, denitro- 
genated dogs to intravenously injected oxygen (17), it was observed that the 
decline in nitrogen content of the femoral arterial and venous blood of animals 
continuously inhaling oxygen was slower than that reported for dogs in the 
literature (5). Consequently, the femoral arterial and venous blood nitrogen 
content was determined in a series of deeply anesthetized dogs at successive 
time intervals during the continuous inhalation of 99.6% oxygen. 

Experimental methods. Twenty-five normal, adult, mongrel dogs weighing 
from 8 to 21 kgm. were deeply anesthetized by the intravenous injection of 
approximately 25 mgm. of sodium pentobarbital per kgm. of bodj’- weight. 
Additional pentobarbital injections were administered, as required, to maintain 
the desired state of anesthesia. After exposure of the trachea, an L-shaped 
glass cannula with a diameter appropriate for the individual animal was inserted 
and securely tied with heaxw silk ligatures. Next, the femoral artery and vein 
were exposed bilaterally for blood sampling, and control arterial and venous 
samples were simultaneously drawn from opposite sides. 

Denitrogenation was achieved by the continuous administration of dry, 
commercial -tank, 99.6% oxygen supplied on demand, and without rebreathing, 
by means of an Amy Ar Force, low-resistance, A-16 valve connected to the 
tracheal cannula by a short piece of rubber tubing. The dead space in the valve 
and connections was not appreciabh’- greater than that of the by-passed upper 
respiratory tract. 

In several instances, to explore the effect of hyperventilation on rate of nitro- 
gen elimination, a mixture of 5% carbon dioxide and 95% oxj’gen was employed. 
As no significant difference was observed between these animals and those 
receiving 99.6% oxj’gen, all the data have been combined. 

Femoral arterial and venous blood samples were drami immediately before 
and 10, 20, 30, 40, 60, ISO, 300 and 360 minutes after uninterrupted inhalation of 
oxygen was begun. 

* An abstract of this paper has appeared in Federation Proceedings 6: 342, 1947. 
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To avoid the pulmonaiy, passive congestion and edema which Drinker has 
obseiwed in anesthetized dogs immobihzed for several hours (18), the animals, 
which were restrained in a supine position whenever blood was dravm, were 
moved about eveiy half hour from one side to the other during the experiment. 
Despite these efforts, however, many of the dogs exhibited, at autopsy, some 
pulmonary congestion. 

All blood samples were collected by du-ect femoral arterial and venous punc- 
tures into syringes which were immediately sealed vith mercury and placed 
in a water-ice mixture until used. The anti-coagulant was bubble-free heparin 
solution Avith which the dead space in each needle was filled before samphng. 
(The nitrogen content of this small volume of heparin Avas not great enough to 
influence the results). Determinations of nitrogen content Avere performed on 
each sample generally in duphcate and, at times, in triphcate by the EdAvards- 
Scholander-Roughton technique for micro-estimation of blood nitrogen (19). 
Occasional checks Avere made by either the usual Van Slyke-Neill manometric 
method (20) or by a shorter modiflcation of the latter method described by Hor- 
vath and Roughton (21). The accuracj’^ of the determinations AA^as equal to 
that achieved by EdAA^ards et al. (19). 

Behnke (15) has stated that there may be significant nitrogen diffusion from 
the ambient air into tissues of animals, particularly A\'hen open incisions have 
been made for blood sampling or tracheal cannulation. He cited one experiment 
demonstrating the difference in nitrogen ehminated through the lung in a dog 
exposed to 99.6% oxygen before and after closing a surgical exposure of the 
femoral arteiy and vein. In a comparable experiment the arterial and venous 
nitrogen content of an anesthetized dog AA’^as followed during exposure to 99.6% 
oxygen, as pre\dously described. In this experiment, hoAA'^ever, the tracheal 
incision was closed tightly around the cannula AAdth sutures and then sealed Avith 
collodion; the femoral arterial punctures Avere made through the unbroken skin; 
and the venous punctures Avere rapidly made through a ^-inch femoral exposure 
which, betAveen samphngs, Avas held closed by means of Allis forceps on the skin 
and subcutaneous tissue. 

Results. The complete summary of the data obtained in these experiments 
appears in table 1 and figures 1 and 2. 

Each cited value for nitrogen, with the exception of that for 360 minutes, 
which is the mean of only four observations, represents the average of determi- 
nations on 10 different animals. The analysis of the data (by the method of 
Snedecor, 22) from 60 minutes to 360 minutes shows a significant hnear regression 
for both arterial and venous blood (P <0.01), while the deviations from regression 
are triAual. 

It is apparent from figure 2 that in this animal, arterial and venous nitrogen 
contents at all time intervals did not differ significant^ from those obtained 
in the animnls with tracheal and femoral incisions closed only by cotton pads 
moistened Avith saline. This one experiment is cited A\dth full realization that it 
is only one experiment. It is further discussed in the folloAAing section. 

Discussion. Recently, speaking of elimination of nitrogen gas from the lungs 
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of anesthetized dogs receiving ox 3 "gen hy tracheal cannula, Eggleton et al. (23) 
stated with that regard to the final stages of elimination, the rate does not 

Table 1 

Nitrogen content, with standard deviation of the mean, range, and coefficient of variation, 
of femoral arterial and venous blood in anesthetized dogs during denitrogenation by 
continuous inhalation of 99.6% oxygen 


NinrBER 

CONTINUOUS 

Oz 

inhalation 

FEMORAL ARTERIAL BLOOD 

FEMORAL VENOUS BLOOD 

OF 

ANIMALS 

N* content 

Range 

Coef. of 
variation 

X* content 

Range 

Coef. of 
variation 


min. 

vol. % zfcam 

vol.% 

, % 

vol. % ± om 

vol. % 

% 

10 

0 (con- 

1.11 ±0.023 

0.98-1.17 

6.7 

1.12 ±0.020 

0.99-1.18 

5.5 

10 

trols) 

10 

0.28 ±0.019 

0.13-0.34 

21.1 

0.45 ±0.030 

0.30-0.57 

21.9 

10 

20 

0.25 ±0.015 

0.16-0.31 

19.0 

0.39 ±0.037 

0.21-0.55 

29.3 

10 

30 

0.22 ±0.014 

0.14r-0.27 

20.1 

0.34 ±0.039 

0.21-0.52 

35.5 

10 

40 

0.21 ±0.018 

0.12-0.33 

27.2 

0.31 ±0.015 

0.26-0.43 

15.2 

10 

60 

0.21 ±0.012 

0.15-0.29 

18.4 

0.27 ±0.020 

0.16-0.42 

24.1 

10 

180 

0.19 ±0.014 

0.15-0.25 

22.4 

0.24 ±0.016 

0.17-0.30 

21.1 

10 

240 

0.16 ±0.016 

0.09-0.24 

31.6 

0.20 ±0.013 

0.15-0.28 

20.9 

10 

300 

0.14 ±0.011 

0.06-0.16 

25.1 

0.19 ±0.017 

0.10-0.27 

28.3 

4 

360 

0.12 ±0.020 

0.07-0.18 

34.2 

0.15 ±0.013 

0.12-0.18 

17.0 


Since it was not possible with the available technical aid to run the various determina- 
tions for all required venous and arterial samples from 0 to 360 minutes on any one animal, 
the range of the values may appear to be inconsistent. Actually, as exemplified by the 
composite data, the individual values were never inconsistent; both arterial and venous 
blood nitrogen levels steadily declined, and in no instance was an arterial value as great as 
the corresponding venous value. 



Fig. 1. Mean femoral arterial and venous blood nitrogen levels of anesthetized dogs dur- 
ing denitrogenation by the continuous inhalation of 99.6% oxygen. 

drop to zero even after 9 hours, but falls to a low constant value of 15-30 cc/hr/- 
kgm., corresponding to a mean value of approximately 0.03 volume % per 
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minute. Yet, in one experiment in which a dog was kept in an oxygen atmos- 
phere — ^to test the theory of diffusion of nitrogen into the animal from the outer 
air through the skin and nasopharynx- — at the end of 5 hours no further nitrogen 
was eliminated from the lungs. However, in another similar study, these work- 
ers found that even after 7 hours the nitrogen elimination was steady at 3 cc/hr/ 
kgm., rising to 13 cc/hr/kgm. when air replaced oxygen, impl 3 ’-ing that slightly 
less than 0.02 volume % of N 2 per minute could diffuse through the skin. These 
data suggest that individual variation is too great to allow a non-qualified state- 
ment concerning skin diffusion at this time. Certainlj’- the experiments of 
Whiteley et al. (24) bear out this point. In the latter paper (24), in which both 
arterial and venous nitrogen values are in close agreement with those reported 
here, it is stated, as a result of experiments during which some of the animals 
were enclosed in an oxygen atmosphere while being denitrogenated, that the 
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Fig. 2. The femoral arterial and venous blood nitrogen content ofj a dog continuously 
inhaling 99.6% o.xygen and with both tracheal and femoral incisions tightly closed to prevent 
diffusion of nitrogen into the body. 

prolonged maintenance of the relativelj’’ high asymptotic level of nitrogen in 
venous blood of resting cats cannot be primarily a consequence of diffusion of 
nitrogen through the skin and exposed tissues from the ambient atmosphere. 
It is apparent that more work must be done regarding the question of diffusion. 
In reference to our experiments, however, calculation of the amount of Ns which 
must diffuse through the skin of a 20-kgm. dog to result in blood levels of 0.01 
volume % continuous^ for one hour are of the order of 120 cc. of N 2 per hour — a 
large amount, particularlj’’ considering the hairj’' coverings of the animals. 

In the current studies, no significantlj’’ greater denitrogenation of dogs was 
achieved bj'- the use of a 5% carbon dioxide-95% oxj'^gen mixture than by the use 
of 99.6% oxygen. These findings substantiate those of Henderson and Haggard 
(25), who calculated that with a gas of solubility as low as 0.01 (ratio of gas in 
one liter of blood to that in one liter of alveolar air), even a doubling of the res- 
piration scarcely affects the rate of absorption or of elimination, while a doubling 
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of the circulation of the blood induces a nearly proportional increase of the rates 
of absorption and elimination. The reverse is true where the solubility of the 
gas in 'blood is high. 

It is apparent that even continuous inhalation of 99.6% oxygen for 6 hours 
fails to effect complete denitrogenation of the femoral arterial and venous blood 
in the anesthetized dog. Although these findings do not agree with those of 
Shaw, Behnke et al. (5), who reported that nitrogen elimination is complete 
within 4 to 5 hours when diffusion of nitrogen into the body is prevented, it 
should be noted that in the experiments of Shaw, Behnke and'colleagues, nitrogen 
values were followed not bj'^ blood analyses but by measurement of the respired 
gas. Moreover, Behnke and Willmon (7), on the basis of experiments with 11 
human subjects surrounded by oxygen, concluded that although nitrogen is 
eliminated rapidly during the first 2 hoiu’s, it is eliminated slowly during suc- 
cessive hours, reaching an end-point vdthin the limits of experimental error 
onlj" after 9 to 12 hours. 

The persistentlj’’ high arterial levels of nitrogen for periods of many hours 
during the inhalation of pure oxygen are not in accord with current concepts of 
the rate of equilibration of arterial blood with alveolar air as regards dissolved 
gases. Nevertheless, in these experiments it has been found that the amount 
of nitrogen leaving the blood is not a function solely of the pNs in the alveoli 
but is a function also of the concentration of nitrogen in the venous blood. 

It was empirically discovered that arterial levels can be predicted from venous 

c- 

levels by use of the formula — , where c represents the venous blood level of N 2 

a 

at any given moment other than equilibrium and a, the blood No level at equilib- 
rium when the animal is breathing air. Thus, the No eliminated at a specific 

time from the venous blood is equal to — , the new arterial level being c . 

a a 

For example, in the current experiments the mean, normal, venous N 2 content a 

was 1.12 volumes %. At the end of 10 minutes of denitrogenation, the venous 

level c was 0.45 volume %. The arterial level calcidated was 0.27 volume %; 

the mean value actually found equalled 0.28. 

In the following series the arterial values calcidated from the venous levels 
in table 1 are listed for the periods corresponding to 20-360 minutes of continu- 
ous oxygen inhalation-, in parentheses are given the nitrogen levels actually 
found: 0.25 (0.25), 0.24 (0.22), 0.22 (0.21), 0.21 (0.21), 0.19 (0.19), 0.16 (0.16), 
0.16 (0.14) and 0.13 (0.12). 

The result of variations between the venous nitrogen content of different veins 
in the same individual is such as to make it highly unlikely that the application 

of the formula c — - will consistently yield a precise estimate of arterial nitrogen 

in any one experiment where blood is drawn from a vein rather than from the 
mixed blood of the right ventricle. Presumably, the reason for the predictability 
of the arterial levels in the examples cited is that by virtue of the number of 
samples comprising the mean, the latter probably is similar to mixed, right heart 
venous blood, which is a composite sample of the different nitrogen values in the 
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venous pathways of the indi vidual. If this is so, accurate arterial nitrogen values 
should be calculable in individual instances from right ventricular blood. 

To test this hypothesis, determinations of N 2 levels were made on right ven- 
tricular blood at two different levels of denitrogenation, the values obtained 
being 0.27 and 0.29 volume %. The respective arterial levels predicted were 

0.20 and 0.21 volume %. The arterial values found experimentally were 0.18 
and 0.23, respectively, both well Avithin the limits of accuracy of the microsjrringe 
technique. 

The high arterial levels of N 2 following denitrogenation and the mathematical 
relationship between the venous and the arterial content of N 2 suggest, on the 
basis of previous concepts regarding equilibration of arterial blood with alveolar 
gases, that, at least in dogs under our experimental conditions, there is a hitherto 
unsuspected factor involved in the phenomenon of N 2 exchange between blood 
and alveoli. 

Objections may be raised that an undetected constant technical error inherent 
in the currently used methods of determining N 2 in the blood is the cause of our 
mathematical findings and that leakage, per se, is responsible for our high arterial 
N 2 levels during continuous denitrogenation. For the following reasons we 
believe such objections to be not valid. 

1. Since we were able to duplicate the blank determinations of the authors, 
who in turn have by this method shown that they could accurately determine 
N 2 in solutions, the N 2 content of which was known prior to their determinations, 
and since, furthermore, we were consistently able to check our results by the 
Van Slyke-NeiU and by the Horvath-Roughton modification of the Van Slyke- 
Neill manometric method, we feel justified in assuming that our experimental 
error — hke that of the originators of the microsyringe technique — ^was certainly 
not greater than 0.03 volume % at all N 2 concentrations. A constant error, 
therefore, would not be greater than this. Yet, our arterial levels are still 
considerabl}'- higher than postulated by current concepts of blood-alveolar gas 
exchange. In fact, even doubhng the error does not substantially alter this 
conclusion. 

2. If the criticism of a technician’s unsuspected error is raised, it can be 
pointed out that several technicians from different laboratories aided in the 
determinations. 

3. Wliile one must always, despite precautionary measures, admit the possi- 
bility of leakage of N 2 into the apparatus, the relative magnitude of leakage 
would, if it were systematic, tend to increase as the N 2 values of the blood de- 
creased. It is quite unlikely, therefore, that leaks could have been a constant 
percentage of the N 2 found at increasing times of denitrogenation. In fact, 
under our assumption that the method at all N 2 concentrations was no more 
accurate than =fc 0.03 volume %, the percentage accuracy decreased markedly 
as the N 2 concentration fell. 

4. As pre\’iously indicated, the diffusion of N 2 from the ambient air surround- 
ing the subject thi'ough the skin would have to be quite appreciable to account 
for an error even as low as 0.01 volume %. 
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5. As regards the possibility of diffusion of N 2 thi-ougli the rubber connections 
leading from the oxygen tank to the animal, it should be noted that the system 
was under positive oxygen pressure. Hence, while O 2 might diffuse out, N 2 
from the air could not diffuse in. 

6. The physically dissolved N 2 in the pentobarbital administered during de- 
nitrogenation to maintain anesthesia was entirelj'- negligible in these experiments. 
In addition, since the pentobarbital requirements among animals were variable, 
the anesthetic could not be the source of a constant error. 

7. The presence of 0.4% N 2 in the O 2 supply was not enough to account for 
more than approximately 0.006 volume % of N 2 , assuming neghgible hpemia. 
Even -with marked lipemia, this value would not be significantly altered. 

8. Inasmuch as pulmonary congestion did occur from time to time, this may 
be proposed as a reason for the incomplete loss of venous N 2 from the lungs. 
However, not all animals showed pathology of the lung; where congestion did 
exist, not all had equal degi-ees of damage; and in no instance was there extensive 
pulmonary involvement. Furthermore, with the amount of congestion mt- 
nessed, normal functioning of the lungs would be expected by virtue of the pres- 
ence of reseiwe alveolar tissue. Moreover, it would have to be a remarkable 
coincidence, indeed, for the pathological changes to grade themselves so pre- 
cisely that a constant error would thereby be introduced and that this error 
would conform to values obtained before obseiwable congestion could occur. 

9. l\Tiile there are data (8, 16, 26, 27) which indicate that during the process 
of denitrogenation the arterial Na may rapidly fall to levels of the order of less 
than 0.10 volume %, no previous experiments similar to ours have been con- 
ducted; and we cannot, therefore, compare our data with thehs, particular!}’- 


regarding the applicability of the formula — , since no studies report simultaneous 

a 


right and left ventricular N 2 levels. 

10. The objection may be raised that the consistency of our observations re- 
garding the calculation of arterial from right heart levels are due to chance. 
Statistically, the odds against this objection are 400 million to one. 

11. Since resaturation would follow the desaturation pattern, it is interesting 
to note that Campbell and Hill (28), who measured the N 2 absorbed by the brain, 
fiver and bone marrow of goats, came to the conclusion that only 50% saturation 
was attained in these tissues after 3 to 5 hours of exposure to excess pressures. 

12. In their experiments on gas tensions in the blood, Riley et al. (29) stated 
that when a considerable difference in N 2 tensions exists between the (alveolar 
air) bubble and blood at the start of a determination, N 2 equilibration may not 
reach completion in 7 minutes. Serial measurements show that the bubble is 
still shrinldng at such a time. 


SniULVRY 

Ihe nitrogen content of femoral arterial and venous blood was determined at 
successive inteivals up to 360 minutes in anesthetized dogs during denitrogena- 
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tion by continuous inhalation through a tracheal cannula of 99.6% oxj’-gen, or, 
in several instances, by a 95% oxj’-gen, 5% carbon dioxide mixture. Nitrogen 
analyses were made by the Edwards, Scholander and Roughton method, with 
occasional checks being made bj’’ the Van Sljdce or the Hor'\’’ath and Roughton 
manometric methods. Since the values observed with the oxygen-carbon di- 
oxide mixture did not differ significantly from those found with 99.6% oxygen, 
all the data were combined. 

The mean values (and standard errors) obtained at 0, 10, 20, 30, 40, 60, 180, 
240, 300 and 360 minutes, respectively, for arterial blood are as follows: 1.11 
(0.023), 0.28 (0.019), 0.25 (0.015), 0.22 (0.014), 0.21 (0.018), 0.21 (0.012), 0.19 
(0.014), 0.16 (0.016), 0.14 (0.011) and 0.12 (0.020) volumes %. For venous blood 
the corresponding values are 1.12 (0.020), 0.45 (0.030), 0.39 (0.037), 0.34 (0.039), 
0.31 (0.015), 0.27 (0.020), 0.24 (0.016), 0.20 (0.013), 0.19 (0.017) and 0.15 
(0.013). Each cited value for nitrogen, mth the exception of that for 360 min- 
utes, which is the mean of only 4 obseiwations, represents the average of de- 
terminations on 10 different animals. The analysis of the data (analysis of 
variance) from 60 to 360 minutes shows a significant linear regression for both 
arterial and venous blood (P<0.01), while the de\dations from regression are 
trivial. 

Even when allowances are made for the diffusion into the body of the animal 
of some nitrogen from the surrounding air, it is unlikely that complete denitro- 
genation can be achieved in all instances in resting dogs in less than 6 hours of 
continuous oxygen inhalation at atmospheric pressure. 

Vdien c represents the right ventricular blood level of nitrogen at any given 
moment other than equilibrium and a the blood nitrogen level at equilibrium 
when the animal is breathing air, the nitrogen eliminable at a specific time from 

C“ 

the venous blood is equal to — , the new arterial level being c — — . 

a a 

The authors wish gi'atefully to acknowledge the technical assistance of T/4 
Patricia A. Gogins, W.A.C., Miss America Moreno and Mr. Thaddeus Wol- 
ezynski in the conduct of these expei’iments. For the analysis of variance, 
we are indebted to Miss Eleanor A. Donohue. 
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In the course of experiments designed to determine whether or not afferent 
impulses from the genital region plaj'- any essential role in the sexual aggressive- 
ness of the male, we observed that cats deprived of the lower lumbar and all 
sacral segments of the cord regularlj'- show complete erections when sexually 
excited. This was not an original obseiwation, for in 1901 L. R. MiiUer (1) 
had reported that a dog from which the entire sacral cord and the gi’eater part 
of the lumbar cord had been removed developed marked erections whenever it 
was placed with a bitch in heat, although it no longer showed reflex penile re- 
sponses. This author also fouird that other males with cord transected at a 
low thoracic level never exliibited erections during displays of intense sexual 
excitement in the presence of an estrous female; in them, however, full erections 
were readily evoked by manipulation of the organ. VTiile Muller suggested that 
the efferent fibers mediating erection in the absence of lumbosacral segments 
originate as high as the lowermost thoracic spinal segments, he reported no 
further investigations of tliis problem. This fact, together with the evidence 
which we had secured of the existence of a suprasacral erector outflow, led us 
to carry out a series of experiments the purpose of which was to determine the 
spinal origin and peripheral course of the fibers involved. Such a study seemed 
desirable in view of the possibility that this outflow may serve as a physiolog- 
ically important adjunct to the erector nerves of Eckhard, which are of course 
part of the sacral parasympathetic outflow. 

Experimental methods. Selection and handling of the animals. Only cats 
were used in this investigation. The animals were selected from males wliich 
on repeated trials regularly mounted estrous females. Such males are not always 
easy to obtain. Observations extending over more than 6 years have shown 
that a surprising number of apparently healthy mature male cats brought into 
the laboratory fail to become sexually active when repeatedly exposed to females 
in heat. -When available, females spontaneously in heat were used to excite the 
males. Since the estrous behavior of ovariectomized females thrown into heat 

* Aided by a grant from the Committee for Research in Problems of Sex, National 
Research Council. 

- A preliminary report of some of the results reported herewith appeared in abstract 
form in this Journal 119: 392, 1937. 

’ This work was begun when one of us (W. S. R.) was a member of the Department of 
Physiology, University of Maryland School of Medicine. 

80 



SYiMPATHETICALIiY MEDIATED ERECTION 


81 


by administration of an estrogenic substance is identical with that of spontane- 
ous estrus (2), it seemed unobjectionable and was certainly more convenient to 
employ such animals. Routinely we induced estrus by intramuscular injections 
of estradiol proprionate in oil (Progynon B). 

Whenever a male was tested mth an estrous female the latter was placed in 
the cage of the former or in an area to which the male had become accustomed. 
It was early found that any strange physical environment exercises a markedly 
dampening effect on the sexual proclhdties of almost all male cats. The beha^dor 
of the pair was noted and the sequence of events in the sexual pattern of the male 
was carefully recorded. The state of turgidity of the penis was determined by 
palpation. After a little experience it was easy to state with confidence that an 
erection, if not full, was one-fourth, one-half or thi’ee-fourths complete. 

Surgical procedures and postoperative care. All operations were carried out 
under deep pentobarbital sodium anesthesia (42 mgm. per kgm. of body weight, 
intraperitoneaUy) . Spinal segments were extirpated after exposure of the cord 
in the usual waJ^ The various segments were identified by locating the 7th 
lumbar nerve roots which are usually the largest in this region. The cord and 
dura were cut through below the 3rd sacral segment (S3) and then at a selected 
higher level after which all intervening roots were sectioned extradurally. The 
length of cord, encased in dura with cut roots protruding, was removed from the 
spinal canal and at once fixed in formalin for future reference. After the animal 
had died or was sacrificed, the extent of the extirpation was verified by removing 
the entire remaining cord with roots attached. 

In certain instances, as a second procedure, the cord was sectioned some dis- 
tance above the region of removal. A nimiber of animals were subjected to one 
or more of the following operations: a) bilateral removal of the entire sjnnpa- 
thetic chains below the diaphragm; b) bilateral removal of the sacral portions of 
the sjnnpathetic chains and c) resection ol the proximal portions of the hjqiogas- 
tric nerves vdth or without extirpation of the inferior mesenteric ganglia. Each 
of these was carried out tlu'ough a midline abdominal incision. 

In all operations, especially those involving cord extirpations, considerable 
care was taken in closing the wound. Muscle layers and subcutaneous tissues 
were brought together bj’’ discontinuous sutures. After firnalj’- approximating 
the skin edges by buried sutures the closure was completed bj’- a cuticular suture 
of very fine silk. 

After operation the animals were kept in large mdividual cages. Daily obser- 
vations were made and records kept of their food intake and defecations. After 
eveiy cord operation the bladder was emptied at least once dailj’^ bj' manual 
pressure. Mthough a certain amount of dribbling occurred, this prevented 
over-distention of the bladder wliich tends to interfere with the blood supply 
and may result in infection and erosion of the mucosa. In confirmation of 
Langworthy and his collaborators (3) we observed that the bladders of animals 
which survived removal of the sacral cord for anj-- considerable time were h^’per- 
trophied, the mucosa being throum into large folds. 

Results. Sexual behavior of the normal male cat. Sexually active male cats 
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will copulate daily during the fall, winter and spring months. Some very active 
males wll copulate as many as five times during a period of one or two hours, 
but the most energetic males of our series showed less stamina as regards fre- 
quency of the sexual act than did the fully estrous females. The animals appear 
to pay no attention to the observer; it is our impression that once a male cat 
mounts a female cat little short of a gross mechanical disturbance will interfere 
vdth the continuance of his efforts. 

When the sexually active male cat is exposed to a female cat in heat, he usually 
watches her intently for a few moments. Then he utters a chirping cry and 
seizing the nape of her neck with his teeth quickly mounts her. The male now 
executes stepping or treading movement wdth his liindlegs. As excitement in- 
creases this motor activit}'’ is succeeded by copulatory movements of the pelvis. 
Dexterous males often intromit at the first attempt. When the male is less skill- 
ful, or if the female requires more genital stimulation before her cooperation is 
obtained, intromission may be delayed. In the case of most males insertion of 
the penis for one or two seconds appears to result in ejaculation. On intromission 
the female emits a loud cry and quickly dismounts the male by moving forward 
or by turning to strike him after which she engages in the stereotyped post- 
copulatory behavior characteristic of the female cat (2). Only rarely does a 
male possess sufficient vigor to retain his grasp of the female and immediately to 
repeat the act of coition. Usually he releases her and after licking his penis 
watches her antics. A second copulation may take place vithin a few minutes 
or it may be delayed for half an hour or longer. After several intromissions male 
cats become unusually pugnacious and run about striking and spitting at other 
males or even at the female which had just been the object of their attentions. 

Erection in the normal cat. The male cat, unlike the male of many species, 
rarely if ever shows an erection in the mere presence of an estrous female. None 
of the 272 complete and 3 incomplete erections which we have observed in 25 
normal cats developed until after the male had seized the female by the neck and 
mounted her. Under these circumstances a full erection usually appeared within 
a few seconds, but occasionally it was delayed for 1 or 2 minutes. Its develop- 
ment was always rapid. Once the erection became complete it was maintained 
until the male dismounted. Detumescence was also usually rapid, but if the 
animal repeatedly licked his penis the erection was maintained for some time. In- 
tromission or ejaculation appeared to exert little or no influence upon the rate of 
detumescence. In the normal male cat it proved impossible, except immediately 
after the subsidence of an erection accompanying sexual activity, to evoke any 
degree of penile turgidity by manipulation of the organ. Such a procedure al- • 
most always induced vigorous signs of anger, and it may be that a vasoconstrictor 
discharge associated with this form of excitement precluded reflex penile vaso- 
dilatation. 

Sexual responses of male cats after removal of lumbosacral segments of the spinal 
cord. Removal of the lower segments of the spinal cord was carried out as the 
first operative procedure in 21 cats (in all animals of tables 1, 2 and 3 except cat 
3). Each ot these males had demonstrated marked sexual activity before opera- 



SYMPATHETICALLY MEDIATED ERECTION 


83 


tion. In some the extirpation extended as high as L5 or even L4 and in every 
instance it included the three sacral segments. The cats were tested by exposing 
them repeatedly to estrous females over postoperative periods which in most 
cases were of several weeks duration. Of the 154 tests carried out on these 
animals 129 resulted in full erections, 19 in incomplete erections and 6 in no 
penile response. Every failure to develop a complete erection occurred during 
the first few days after cord removal; on later tests full erections were always 
obtained. 

The sexual behavior of these cats with cord removals differed somewhat from 
that shovm by normal animals. When any one of these males was exposed to an 
estrous female he immediately seized the nape of her neck with his teeth and 
mounted as best he could, then executed limited but distinctive copulatory move- 
ments the extent of which depended on the amount of axial musculature still in- 
nervated. All these animals would remain in position for at least several min- 


Table 1. Animals with only ablations of lower segments of spinal cord 


CAT KO. 

SEGMENTS 

POSTOPERA- 
TIVE OB- 

TIMES 

ERECTIONS 

REMARKS 

REMOVED 

(INCL.) 

SERVATION 

PERIOD 

TESTED 

Full 

Incom- 

plete 

None 


S1-S3 


3 

3 

0 

0 

*Died after a 2nd operation on 


L7-S3 

H 

4 

3 

1* 

0 

4th day 

‘About 90 per cent full 


L6-S3 


8 

8 

0 

0 


9 

L6-S3 

45 

17 

16 

1 

0 


10 

L6-S3 

27 

9 

9 

0 

0 


16 

L6-S3 

10 

7 

6 

2* 

0 

‘First 2 tests 

26 

L6-S3 

41 

11 

11 

0 

0 


21 

L6-S3 

12 

7 

5 

1* 

It 

‘Nearly complete; ton 1st post- 








operative day 


utes. We have often noted that even after 30 minutes of uninterrupted activity 
such males could be separated from the female only by force. Repeated tests 
showed no diminution in their sexual aggressiveness, although the deafferentation 
of the genital region and the paralysis of the hindlegs prevented intromission. 
On many occasions there could be no doubt that the erection developed as rapidly 
as in normal animals. Also, as in the case of noi’mal animals, detumescence 
occurred rapidly after dismounting. Reflex erection could not be produced by 
manipulating the penis, abdominal wall or am’- part of the bod 3 ’. In every case 
there was complete anesthesia of the genital area. No reactions of anj’ land 
could be elicited bj’ strong nociceptive stimulation of penis, scrotum, perineum, 
anal region or tail. The further extent of the anesthetic area of course depended 
on the magnitude of the cord extirpation. 

Effects of Iranscclion of spinal cord a( upper bmihar or lower thoracic levels on the 
(^pacily io develop crcclio7is after exclusion of the sacral parasympathetic outflow. 
Six cats which had shown full erections after removal of the sacral and two or 
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more of the lumbar segments were subjected to cord transections at various 
upper lumbar or lower thoracic levels. The results appear in table 2. When 
the transection was made between L2 and L3 {cat 12) full erections were not 
seen in any of the 14 tests made during a period of 17 days. Eleven of the tests, 
however, gave incomplete responses, three of which approximated full erections. 
Cat 17, in which the cord was cut between Ll and L2, developed only one erection, 


Table 2. Effects of transections of spinal cord at an upper lumbar or lower thoracic level 
on erections evocable after exclusion of sacral parasympathetic outflow 


CAT 

KO. 

SUECICAL PROCEDURES 

POSTOPERA- 

TIMES 

TESTED 

ERECTIONS 


Date 

Segments removed 
Transections ^ , 
Sympathectomies 

SERVATION 

PERIOD 

Full 


None 

REMARKS 



• 







12 

5-20-37 

L6-S3, inclusive 


5 

5 

0 

0 



6- 7-37 

Sacral chains out 


7 

7 

0 

0 



6-21-37 

Cord cut between 


14 

0 

11* 

3 

*On 3 occasions near- 



L2 and L3 






ly complete 

17 

6-10-38 

i 

L6-S3, inclusive 

11 

6 

5 

0 

1* 

*On 1st test, 2nd day 


6-21-38 

Cord cut between 

30 


0 

1 

16 

Great excitement in 



Ll and L2 




1 


all tests 

18 

2-17-39 

L5-S3, inclusive 

15 

^9 

5 

0 

0 



3- 4-39 

Cord cut between 

12 


0, 

0 

2 

Tested on 5th and 



T13 and Ll 





10 th days; sustain- 
ed activity, great 
excitement 



19 

4- 4-39 

L4-S3, inclusive 

92 

11 

6 

1 

4* 

1 

*First 4 tests 


7- 6-39 

Cord cut between 

58 

14 

0 

0 

14 

Great excitement 



T13 and Ll 






and sustained ac- 
tivity on each test 

20 

6-19-39 

L6-S3, inclusive 

1 

18 

7 

7 

0 

0 



7- 8-39 

Cord cut between 

14 

8 

0 

0 

8 

Great excitement 



T13 and Ll 






and sustained ac- 
tivity on each test 

13 

6-14-37 

L5-S3, inclusive 

15 

4 

2 

2 

0 



6-30-37 

Sacral chains out 

8 

mm 

6 

1 

0 



7- 9-37 

Cord cut between 

19 


0 

0 

13 

Great excitement 



Til and T12 


■ 




and sustained ac- 
tivity on each test 


an incomplete one, although the animal was sexually aggressive and showed signs 
of considerable excitement on each of 17 trials. The three animals {cats 18, 19, 
20) with cord sections between Tl3 and Ll and cat 13, in which the cord was 
severed between Til and T12, wure tested repeatedly but, despite the exhibition 
of great sexual excitement, never showed any signs of an erectile response. 

Effects of removal of various parts of the sympathetic innervation combined with 
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Table 3. Effects of removals of various parts of the sympathetic innervation combined with 

ablation of lower spinal segments 



StTEGICAL PROCEDURES ’ I 

POSTOPERA- 


EBECriONS 

i 

CAT 



TIVE OB- 

TIMES 




REMARKS 




SERVATtON 

PERIOD 





NO. 

Date 

Segments removed 
Sympathectomies 

TESTED 

Full 

Incom- 

plete 

None 




days 






1 

5- 9-35 

L7-S3, inclusive 

5 

5 

5 

0 

0 



5-16-35 

Abdominal chains 

131 

20 

0 

0 

20 

Tested on 18 of 1st 



and i.m.g. out 






28 days and on 
115th and 131st 
days 

2 

2-14-36 

L7-S3, inclusive 

34 

7 

7 

0 

0 



3-19-36 

Abdominal chains 

26 

8 

0 

0 

8 

Tested on days 1, 2, 





1 




4, 13, 21, 22, 25, 
26 

3 

5- 9-36 

Abdominal chains 



! 






and i.m.g. out 

31 

10 

10 ' 

0 

0 



6-10-36 

S1-S3, inclusive 

22 

11 

0 

0 

11 

9-11 min. continuous 









activity at each 
test 

5 

9-18-36 

L6-S3, inclusive 

19 

9 

4 

5* 

0 

*A11 greater than f 









complete 


10- 7-36 

I.m.g. and hypo- 

180 

24 

0 

0 

24 

5-10 min. continuous 



gastric nerves 





! 

activity at each 
test; tested on 
180th day 

8 

1-19-37 

L5-S3, inclusive 

23 

5 

5 

0 

1 

0 



2-11-37 

I.m.g. and hypo- 

140 

39 

0 

0 

39 




gastric nerves 







14 

6-25-37 ! 

L5-S3, inclusive 

21 

3 

3 

0 

0 



7-17-37 

Sacral chains 

11 

4 

4 

0 

0 


6 

12- 1-36 

L6-S3, inclusive 

33 

9 ' 

7 

2* 

0 

*Both nearly com- 


1- 4-37 







plete 


Sacral chains 

35 

11 

11 

0 

0 



2- 8-37 

I.m.g. out 

42 

14 

0 

0 

14 

7-9 min. continuous 









activity at each 
test 

15 

5-21-38 

L6-S3, inclusive 

27 

12 

8 

4* 

0 

*On first 4 tests 


6-17-38 

Ilypogastrics 

13 

10 

0 

5 

5 



7- 1-38 

I.m.g. out 

14 

9 

2 

0 

2t 

tOn 1st and 2nd days 


7-16-38 

Lower lumbar 

6 

2 

0 

0 

2 



chains sectioned 








In third column i.m.g. indicates inferior mesenteric ganglia. 

ahlalion of loiccr spinal segments, (a) Complete sympathetic denervation of the 
genital organs before or after extirpation of lower spinal segments was carried out 
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in cats 1, 2 and 3 (table 3). Cat 1 was sexually aggressive and showed full erec- 
tions on each of 5 daily tests made after extirpation of cord segments L7-S3, 
inclusive. Following removal of both abdominal chains from diaphragm to 
pelvic rim and excision of the inferior mesenteric ganglia no trace of' an erection 
was observed, although he seized and did his best to mount estrous females on 
each of the 20 tests carried out during 131 days of survival. Similarly, in cat 2 
extirpation of the entire cord below L6 in no way diminished the capacity to 
develop erections, but after bilateral removal of the abdominal sympathetic 
chains no erectile response occurred during 8 wholly satisfactory tests made over 
a period of 26 days. Cat 3 was subjected to essentially the same procedures as 
cat 1 but in reverse order. He showed a full erection in each of the 10 tests 
performed after removal of the abdominal chains and the inferior mesenteric 
ganglia. The three sacral spinal segments were then extirpated. No erection 
occurred during any of the 11 tests made during the following 22 da 5 ’^s. It thus 
became quite clear that abdominal S3’^mpathetic pathwaj’^s carry the impulses 
which effect penile erection in the absence of the sacral cord. The following 
procedures were carried out to determine more precisel}’’ the course of these 
impulses. 

(6) In 4 animals {cats 12 and 13, table 2; cats 14 and 6, table 3) extirpation of 
the lower spinal segments was followed by bilateral removal of the sacral portions 
of the sympathetic chains. These males were tested repeatedly during post- 
operative periods which varied from 8 to 35 days and on every occasion but one 
(one of the 8 tests of cat 13) quickly developed a full erection. It appears certain 
enough that in these cats the vasodilator discharge reached the penis by a route 
other than the sacral sympathetics. 

(c) In 3 animals {cats 5, 8 and 6, table 3) removal of the inferior mesenteric 
ganglia— with resection of the proximal portions of the hypogastric nerves in 
cats 5 and 8 — completely abolished the capacity to develop erections which had 
fully survived ablation of the spinal origin of the sacral parasympathetic outflow 
and, in the case of cat 6, removal of the sacral chains as well. It is to be empha- 
sized that each of these animals was subjected to rigorous testing. Following 
inferior mesenteric ganglionectomj'- cats 5 and 8 remained sexually aggi'essive and 
were exposed many times to estrous females over postoperative periods of 180 
and 140 daj’’S, respectivel 3 ^ Cat 6, which had undergone a long study before 
ganglionectomy, was tested 14 times during 42 days; despite continuous, pro- 
longed and vigorous excitement in each test he never once showed any trace of 
penile erection. 

{d) The results presented above indicate that the S 3 ’’mpathetic vasodilator 
discharge passes to the penis by way of the h 3 ’'pogastric nerves. That the sacral 
S3rmpathetic chains ma3'’ be involved in some cats is suggested by the results 
obtained in the case of cat 15 (table 3). After full recoveiy from removal of the 
three sacral and the two lowermost lumbar segments of the cord this animal 
showed complete erections whenever he seized an estrous female. With the 
intention of interrupting the effective pathway we sectioned the hypogastric 
neiwes just distal to the inferior mesenteric ganglia. In 5 of 10 tests carried out 
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during the ensuing 13 days an incomplete erection occurred. Thinking that we 
had probably missed some strands of the hypogastrics we then removed the 
inferior mesenteric ganglia. FolloAving this third operation the cat was tested 
9 times in 14 days. On the first 2 tests no erection was seen, but 7 later tests 
brought forth 5 incomplete and 2 complete erections. The lower lumbar sj’-m- 
pathetic chains were then sectioned after which no erection occurred in the 2 
tests carried out during the subsequent 6 days. 

The effect of abdominal sympathectomy alone. In view of the fact that when the 
sacral parasympathetic outfiow, the nervi erigentes, is eliminated a sympathetic 
innervation of the penis is capable of mediating erection during sexual excite- 
ment, it seemed desirable to examine the effects of sympathetic devervation of 
the genitalia in animals which were otherndse wholly intact. 

In 2 cats, 11 and 25, observations were made after removal of the entire extent 
of the sympathetic chains below the diaphragm. The same operation, combined 
with inferior mesenteric ganglionectomy, was performed in 3 other animals {cat 
3, table 3 ; cats 23 and 24 ) . The genital responses of these 5 animals were studied 
over periods which varied from 10 to 31 days. A total of 49 tests were made in 
each of which the males exhibited the usual aggressive behavior. In 48 of these 
bouts full erections developed and intromission took place. The single failure 
occurred in the first postoperative test on cat 23. Although the animals dis- 
played, wthout outward modification, the full sexual behavior pattern of the 
normal male cat, the operations rendered them incapable of ejaculation, as was 
shown by failure to find any spermatozoa in vaginal smears made immediately 
after copulation. 

Discussion. The method of studying the sexual behavior of animals which 
have long survived one or more surgical procedures possesses the merit that the 
responses observed are evoked under physiologically normal conditions. When a 
positive response — in this investigation erection of the penis as an accompani- 
ment of sexual excitement — is obtained, the result is convincing. We are not 
insensible of the fact that our negative findings do not have quite the same stand- 
ing. However, our negative results were obtained on long surviving healthy 
cats many of which had been subjected to surgical procedures no more extensive 
than those practiced on animals which gave fully positive results. We have no 
doubt that almost all of our negative results were due to the interruption of 
specific nervous pathways. Wlien, for example, after a bout lasting 30 minutes, 
a mounted male cat, on being forcibly separated from the female, spits and strikes 
at the observer and crying plaintively makes repeated attempts to gain access 
to the female, it seems reasonable to conclude that his penis had remained flaccid 
for want of a neural connection with the site of central excitation. 

Delimitation of the suprasacral vasodilator outflow to the penis was attempted 
by determining the effects of cord transection at different levels in a series of 
animals which had shown full erections after extirpation of a length of cord con- 
sisting of the three sacral and two or more of the lower lumbar segments (table 
2). ■\Wien the section was made above the first lumbar segment, the capacity 
to develop any erectile response in the course of sexmal excitement was abolished. 



88 


WALTER S. ROOT AND PHILIP BARD 


Wlien the transection was at a somewhat lower level, namely between Ll and 
L2, a slight erection developed. Only incomplete erections were obtained after 
transection between L2 and L3, but they were greater in number and extent. 
These results were supplemented by finding that full erections regularly devel- 
oped in animals from which all spinal segments below L4 had been removed 
(tables 2 and 3). This indicates that an important part of the outflow issues 
from L3 and L4. There is a suggestion in our results that the capacity to show 
full erections was somewhat affected after an extirpation which included L4, 
whereas removals which just spared this segment (and its roots) had no such 
effect. Thus it appears that the outflow under consideration is composed chiefly 
of fibers which originate from the 2nd, 3rd and 4th lumbar segments. The 1st 
lumbar segment may contribute a few' fibers. This conclusion is in quite close 
accord with the facts established by Langley and Anderson (4) concerning the 
origin in the cat of the lumbar outflow' of the sjunpathetic innervation of the 
generative organs, both external and internal. They found that the low'ermost 
segment involved is the 4th lumbar w'hen there is an anterior arrangement of 
nerves, the 5th, w'hen the arrangement is posterior. 

The suprasacral vasodilator pathw'ay to the penis runs through S 3 '’mpathetic 
channels. Thus cats in w'hich extirpation of the spinal origin of the nervi eri- 
gentes is follow'ed bj' bilateral removal of the abdominal sjunpathetic chains do 
not develop erections w'hen they seize and mount estrous females. It seems clear 
that in most instances the dilator fibers do not reach the pelvis via the sacral 
sympathetic chains, for bilateral removal of these in 4 cats in which the low'er 
spinal segments had been extirpated previously did not prevent or retard the 
appearance of full erections. On the other hand, no trace of an erection was 
obtained in 3 animals in which inferior mesenteric ganglionectomy w'as combined 
with removal of the low'er spinal segments. It appears therefore that the usual 
pathway from lumbar segments to penis involves the lumbar portion of the ab- 
dominal sympathetic chains, the inferior splanchnic nerves, the inferior mesen- 
teric ganglia and the hypogastric nerves. . We have encountered only one ex- 
ceptional case {cat 15). In this instance the erectile response show'n after ex- 
tirpation of lumbosacral segments was not abolished b}' removal of the inferior 
mesenteric ganglia, but disappeared after section of the lower lumbar sjrmpathetic 
chains. 

Our finding that fibers mediating erection are present in the hjq)ogastric nerves 
is in accord wth the results of several early investigators of the erectile mechan- 
ism. Both Eckhard and Budge (quoted bj' Langle 3 ' and Anderson, 4) produced 
erection in the rabbit by stimulation of the h 3 q)ogastrics. This w'as later con- 
firmed by Frangois-Franck (5) in experiments on dogs. More recently Bacq (6) 
has reported that hypogastric stimulation in dogs usually causes a .riight increase 
in the volume of the glans penis and that escrine greatly increases and atropine 
abolishes the response. On the other hand, Langle 3 ' and Anderson (4) in the 
course of their man 3 ' stimulations of the h 3 'pogastrics in rabbits, cats and dogs 
never saw erection or dilatation of blood vessels. We also have been unable to 
obtain any degree of erection on peripheral stimulation of the hypogastrics in 
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the anesthetized cat or dog or in the unanesthetized decerebrate cat. Doubtless 
one factor contributing to these failures is the masking effect produced by con- 
current stimulation of vasoconstrictor fibers to the penis which are known to be 
present in the hypogastrics (4, 7). During sexual excitement the vasodilator 
component is obviously selectivelj’’ activated. 

In agreement with Bacq’s (8) experiments on rodents, we find that male cats 
from which the abdominal sympathetic chains have been removed do not expel 
semen during coitus. On the basis of the illuminating experiments of Semans 
and Langworthy (7) this defect is due to failure of the mechanism whereby 
seminal fluid is transported from the seminal vesicles into the posterior urethra. 
Tliis process of emission depends on contractions of the vasa deferentia and 
seminal vesicles which are brought about, as has long been knoAvn, by impulses 
in fibers of the hypogastric nerves. Semans and Langworthy have demonstrated 
that in the cat ejaculation, the actual expelling of semen through the meatus, 
is a separate act which depends on contractions of striated muscles under control 
of the internal pudendal nerve. Aside from failure to insemmate females, the 
sexual behavior of our abdominally s 3 mpathectomized males was entirely normal. 
The}’- gave no indication of the ‘incomplete copulation’ observed by Bacq (8) in 
male rabbits deprived of their abdominal chains, a deficiency which he attributed 
to their inabihty to ejaculate. 

The unattenuated sexual excitement exhibited by male cats with lumbosacral 
segments of the cord and abdominal sympathetic chains removed shows con- 
clusively that afferent impulses from the pelvic viscera, the external genitalia 
and a wide area of skin surrounding the external genitalia are not necessary for 
the initiation or the maintenance of sexual activity. Over periods of many 
months such animals will indulge repeatedly in prolonged attempts to copulate 
vdthout shoving an}’ diminution in their sexual aggressiveness. In this respect 
the male is like the female. One of us (9, 2) has previously reported that in the 
female cat complete denervation of the genitaha and of all possible erogenous 
zones surrounding the external genitalia in no wa}'^ diminishes the conspicuous 
‘courtship’ activities of feline estrus. 

SUMMARY 

1. Male cats deprived of the spinal origin of the nervi erigentes regularly 
develop full erections when they seize and attempt to mount estrous females. 

2. The suprasacral vasodilator (erector) outflow is composed of fibers which 
originate chiefly from the 2nd, 3rd and 4th lumbar segments of the spinal cord. 
The pathway runs through the lumbar portion of the sympathetic chains and 
in most cases reaches the pelvis by way of the hfferior mesenteric ganglia and 
l^ypogastric nerves. 

3. Exclusion of afferent impulses from the genitalia and indeed from the whole 
pelvic region and tail, including all skin areas surrounding the e.xtemal genitalia, 
does not influence the sexual aggressiveness of male cats. 

4. Abdominal sjunpathectomy abolishes ejaculation (emission), but in no 
other way alters the sexual beha^'ior of male cats. 
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That certain endocrine dysfunctions are accompanied bj'' muscular pathologj'" 
has long been knotvn(l). Hyperthyroidism is often accompanied by creatinuria, 
atrophy, fine tremors, myasthenia and lesions in the skeletal muscles (2). 
Remission of the creatinuria and asthenia has been reported to occur following 
thyroidectomy (2, 3). The possibility that muscular weakness accompanying 
myasthenia gravis may be due to the liberation of a curare-like substance bj'^ the 
thiTOUs gland has been considered (4). In some cases thymectomy has been 
followed by an amelioration of the symptoms of this disease (5). The object of 
the present study was to determine the effects of thymus deprivation, hyperthy- 
roidism and hypothyroidism on the course of neuromuscular degeneration and 
regeneration in the albino rat. 

Experimental methods. Thirteen albino rats, 2 to 3 months old, were thy- 
mectomized according to the method of Einhorn (6). Fifty-two days were 
allowed for the development of any states of thymic deficiency, after which time 
these animals and a control group of 15' rats of the same age and bod}'- weight were 
subjected to a crushing of the left tibial nerve at its juncture with the peroneal 
nerve. The unoperated contralateral limb was used as a control. Thirty days 
after crushing the nerve, measurements were made under light ether anesthesia 
of the strength and weight of control and regenerating muscles. This was done 
by measuring the maximal isometric tension developed by the muscles upon direct 
and indirect stimulation. For this purpose the tendon of Achilles was cut and 
attached to a Blix-type torsion rod and a portion of the femur was exposed and 
fixed in a rigid clamp. The intact muscle was stimulated by volleys of slightly 
super-maximal induction shocks applied through two needles which pierced it, one 
at the tendon and the other near its origin. Adjustable silver electrodes were 
placed in contact with the tibial nerve which delivered volleys of condenser dis- 
charges. The frequency and strength of the stimuli were such as were found to 
be adequate to evoke maximal isometric tetanus tension responses in the muscle. 
The extent of muscle shortening was measured from optical records, and the 
strength was considei'ed to be the maximal tension which developed in response 
to either direct stimulation of the muscle or its motor nerve. At the conclusion 
of the strength measurements the gastrocnemii were dissected out and weighed. 

In the thyroid studies 128 albino rats, 2 to 4 months of age, were divided into 
3 groups and matched as to age, sex and body weight. Hypothyroidism was 
induced in one group by feeding ad libitum a diet of powdered Purina Laboratorj’- 

‘ Aided by a grant from The Xational Foundation for Infantile Paralysis, Inc. 
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Chow to which had been added 2 grams of thiouracil per kilogram of food. This 
diet has been shoivn by Barker (7) to produce a state of hypothyroidism ivith a 
decrease of about 20% in the metabolic rate. Animals in this group were placed 
on the diet 2 weeks prior to nerve crashing. Hyperthyroidism was induced in a 
second group of 43 animals by subcutaneous injection of 1.5 mgm. for females and 
2.0 mgm. for males of thyroxin tvdce a week. Thyroxin injections were begun at 
the time of the denervation operation. A third group of operated untreated ani- 
mals served as controls. All animals were subjected to a crashing of the left tihial 
nerve. Measurements of muscle stoength and weight were made as described 
above at 10-14, 21, 28 and 42 days after denen’-ation. Experiments were per- 
formed to determine the time after denervation at which the earliest signs of 
functional reinnervation appeared. This was done by determining the earliest 
time at which stimulation of the regenerating motor nerve would cause the 
slightest detectable movement of the gastrocnemius muscle. 


Table 1. A summary of average values and standard errors for relative weight and strength 
of gastrocnemii at various times after denervation. Values are expressed 
as per cent of those in non-denervated contralateral controls 


TIME AFTER 
DENERVATION 

RELATIVE WEIGHTS OF MUSCLE 

RELATIVE STRENGTH IN 
RESPONSE TO NERVE 
STIMULATION 

RELATIVE STRENGTH IN 
RESPONSE TO DIRECT 
STIMULATION 


Thyroxin 

Control 


Thyroxin 

Control 

Thiouracil 

Thyroxin 

Control 

Thiouracil 

days 

% 

% 

% 

% 

% 

% 

% 

% 

% 

10-14 

60.7±1.6 

63.9±1.4 

75.0±3.1 



0 

27.6±2.8 

30.3±2.8 

39.2±3.2 

21 

54.2±1.4 

64.1±2.2 

74.g±2.6 

26.1±2.9 


19.6±1.8 

36.4rt2.6 

40.9±2.3 

4G.0±2.4 

28 

68.8±1.9 

e5.2±1.5 

69.4±1.8 

44.2±3.1 

40.C±3.1 

35.6±2.9 

54.1±1.7 

50.4±2.7 

50.e±1.3 

42 

83.2±3.1 

76.5±1.2 

73.4±3.9 

72.3±3.9 

61.7±1.8 

53.4db2.6 

75.1±3.7 

65.9±2.1 

e2.1±2.7 


Thymus experiments 



Thymectomized 

Control 

Thymectomized 

Control 

Thymectomized 

Control 

30 

G3.9±1.7 

66.7±2.7 

48.6±3.5 

48.7±3.7 

62.5±4.3 

61.2±5.1 


Results. No significant difference in weight and strength between regener- 
ating muscles of thymectomized and control animals (table 1) was found. There 
was no significant difference between control and thjnnectomized animals in the 
response to nerve stimulation and direct stimulation and in the amount of 
functional reinnervation as measured by the ratio of tension responses to direct 
and indirect activation. 

The onset of functional reinnervation appeared earlier in thyroxin-treated than 
in control animals, but there was no difference in the time of onset of functional 
reiimervation between control and thiouracil-treated animals. Additional evi- 
dence for this effect of thyroxin was afforded (table 2) by the finding of a higher 
ratio of tension from nerve stimulation to that from direct muscle activation at 
21 days after denervation in thyroxin-treated animals than in either the control 
or thiouracil-treated groups. 

The data presented in figure 1 and tables 1 and 2 show that thyroxin adminis- 
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Table 2. A summary of average values and standard errors for the ratios of the 
isometric tension response from nerve stimulation to direct stimulation and the 
weight of non-denervated gastrocncmii to body weight 



Thyroxin treated 

Untreated controls 

Thiouracil treated 

TEIE ATTER 
DENERVATION 

Tension (Nerve') 

Muscle 

weight 

Tension (Nerve*) 

Muscle 

weight 

Tension (Nerve*) 

Muscle 

weight 

Tension (Muscle') 

Body 

weight 

Tension (Muscle*) 

Body 

weight 

Tension (Muscle*) 

Body 

weight 


dener- 

vated 

control 

control 

dener- 
; vated 

control 

control 

dener- 

vated 

control 

control 

days 

% 

% 

% 

% 

% 

% 

% 

% 

% 

10-14 



0.655 



0.661 



0.661 




±0.015 



±0.012 



±0.012 

21 

69.1 


0.608 

48.1 

95.1 

0.641 

41.3 

96.2 

0.642 


±3.6 


±0.012 

±3.2 

±1.2 

±0.022 

±4.1 

±1.2 

±0.016 

28 

76.3 


0.645 

75.5 

95.4 

0.666 

66.3 

95.3 

0.672 


±2.3 

±1.2 

±0.009 

±2.9 

±0.5 

±0.010 

±4.0 

±0.8 

±0.011 

42 

83.2 

91.3 

0.594 

87.4 

93.3 

0.646 

79.1 

92.0 

0.646 


±2.8 

±2.3 

±0.017 

±1.8 

±1.0 

±0.012 

±2.2 

±1.4 

±0.011 


1 Stimulation. 



Fig. 1. A graph show-ing average values for the effects of thyroxin and thiouracil 
neuromusciilar atrophy and regeneration in the rat. 
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tration increased the rates of both atrophy and subsequent reinnei-vation and 
regeneration, whereas thiouracil administration was accompanied by slower rates 
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of both muscular atrophy and subsequent regeneration. It is to be pointed out 
that the studies which were made at various times after denervation permit some 
degree of separate analysis of atrophy and regeneration. Studies made prior to 
21 days after denervation show that the denervated gastrocnemius muscles of 
thyroxin-treated animals were smaller and weaker than the denervated muscles of 
control animals. At these times atrophy was found to be retarded in the 
tliiouracil-treated group. The velocity of neuromuscular regeneration is not 
revealed by the absolute or relative values for muscle weight and strength at any 
given time, but rather by the amount of recovery in muscle mass and strength 
which occurs within a given period of time during the regeneration period. By 
the latter criteria it is apparent that treatment with thyroxin facilitated neuro- 
muscular regeneration, whereas the hypothyroid state resulting from thiouracil 
administration was associated with retarded regeneration. 

Discussion. Results for atrophj'- and regeneration expressed as per cent of 
contralateral control are valid onl 5 ’' on the assumption of the identit}’' of the 
weight and strength of the contralateral muscles of an animal. This has been 
shown to be true for the gastrocnemii of the rat (8). Furtheimore, no significant 
change in body weight should occur during the course of an experiment unless 
such changes occur equally in the control and experimental groups. The data 
(table 2) show that at no time was there a significant difference in either the body 
weight or the ratio of muscle weight to body weight between control and experi- 
mental groups. It is logical to expect that more striking effects would have been 
obseri’'ed if larger doses of tlijn-oxin and thiouracil had been employed. However, 
the fact that these drugs in large doses tend to significantly lower bod}’’ weight 
discouraged their use in this connection. 

The findings in this study are in accord with the observations of Hines and 
Knowlton (9) that denervation atrophy Avas delayed by thyroidectomy and 
accelerated by thyroxin administration. These findings mean that regenerating 
nerves make functional contacts with muscles which have undergone more 
atrophy in the case of thju’oxin-treated animals and less atroph}’’ in the thiouracil 
group than in the case of untreated control animals. In spite of this handicap 
the regenerating muscles of thyroxin-treated animals were stronger and larger 
than either those of control or thiouracil-treated animals at 42 days after dener- 
vation. In view of the fact that thyroxin does not increase the mass or strength 
of noimal skeletal muscle, it is logical to conclude from these studies that hyper- 
thyroidism facilitates the reinnervation and subsequent regeneration of muscle 
and that thiouracil administration exerts an effect in the of)posite direction. In 
this connection it is interesting to point out that Belkin (10) has reported that 
regeneration of salamander limbs and wound healing in waim-blooded animals 
proceed more rapidl}’’ under treatment Avith thyroxin. The similarity of nerve 
regeneration to embryonic neiwe growth has been pointed out by A'^arious workers 
(11). Deneiwation atrophy has been found to be correlated Avith the general 
growth rates in different species (12), and the formula expressing the rate of neuro- 
muscular regeneration is similar to that for genei’al body growth (13). One may 
then postulate that the effects of thyroxin and thiouracil treatment on neuro- 
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muscular regeneration are related to their effects on general body growth and 
metabolism. 


SUMMARY 

1. A study of the effects of thymectomy, thjToxin-induced hyperthyroidism 
and thiouracil-induced hjTpothyroidism on denervation atrophy and neuromuscu- 
lar regeneration was carried out on albino rats. 

2. In thymectomized animals studies made 4 weeks after denervation showed 
no influence of this condition on either normal muscle or neuromuscular regener- 
ation. 

3. In animals rendered hypothyroid by thiouracil treatment, studies made at 
10-14, 21, 28 and 42 days after denervation showed a significant delay in dener- 
vation atrophy and neuromuscular regeneration. 

4. Similar studies on animals made hyperthyroid by thyroxin administration 
showed an acceleration of denerrmtion atrophy and a facilitation of neuromuscu- 
lar regeneration. The latter appeared to be due to an earlier and more successful 
reinnervation. 

5. It is believed that neuromuscular regeneration and growth phenomena have 
certain similarities, and that the effects of thyroxin and thiouracil are due, 
respectively, to acceleration and retardation of the components of the process. 
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Eccles and Sherrington (1) determined the average force of the motor unit 
in cat muscles by dividing the muscle force during indirect stimulation by the 
number of motor nerve fibers which inneiwate the muscle. The latter value was 
found b}’- counting the nert^e fibers in the motor nerve after degeneration of the 
sensory fibers induced b}-- the removal of the appropriate spinal ganglia a few 
months previously. Tire values (for faradic stimulation) found in this way 
ranged from about 30 grams for the average motor unit in the medial head of the 
m. gastrocnemius to 6 gi-ams for the unit in the m. semitendinosus. 

Clark (2) determined the average size of the motor unit by dividing the total 
number of fibers contained in the muscle by the number of motor nen'^e fibers 
supplying them. The units of the m. soleus of the cat consisted of an average 
of 120 muscle fibers; those of the m. extensor longus digitoinm of 165 fibers. 

Although the determination of the force and size of the normal motor unit is 
simple in principle, it is a problem which offers considerable technical diflBculties. 
The follovdng considerations are relevant : 

a) In order to cause the degeneration of all the sensoiy fibers in the motor 
nerve, the appropriate spinal ganglia have to be removed in toto. 

b) It has been shown that in paretic muscles the intact motor units ma 3 i^ gi’ow 
by the adoption of deneiwated muscle fibers (3-6). All damage to the anterior 
roots during the removal of the ganglia, therefore, has to be prevented, since a 
partial muscle denervation maj^ result in an increase of the force and size of the 
units which remain innervated. 

c) It is necessary to allow sufficient time after the excision of the ganglia for 
the removal of the myelin of the degenerated sensorj’' fibers. However, as will 
be shovm, regeneration of nerve fibers from various sources becomes a definite 
possibility if the time chosen is too long. Regenerating motor fibers will form 
new motor units which are likely to be abnormal in force and size. If the re- 
generated fibers are sensoiy in origin thej’’ will depress the value computed for 
the force and size of the motor unit, since they cannot be distinguished from 
regenerated motor fibers. 

The conditions mentioned above are so exacting that attempts to determine 
in this way the force and size of the normal motor unit in the rabbit’s sartorius 
muscle have not been successful. Instead, these values have been estimated 
from the force and the number of muscle fibers of the m. sartorius and the total 
number of nen^e fibers in its motor nerve. To produce abnormallj'" large motor 
units bj^ fiber adoption, deafferenting has been combined ivith partial deneiwa- 
tion of the sartorius muscle in part of the experiments. 
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Methods. All experiments were performed on rabbits. The muscle force 
of the m. sartorius was determined by recording isometrically the contraction 
during indirect faradic stimulation and comparing the deflection with a calibra- 
tion of the lever with knonm weights. The initial tension was 50 grams. 

The total number of fibers of the sartorius muscle cannot be determiued by 
counting the fibers in a muscle cross section, because the fibers are considerably 
shorter than the muscle. The number of fibers was therefore determined by 
macerating the muscle for 20 hours in 20% nitric acid at 18°, and then isolating 
each individual muscle fiber by teasing under a binocular microscope. The 
heterolateral muscle was fixed in Zenker’s solution, embedded in paraffin, and 
haematoxyltn-eosin stained sections were prepared from its middle portion. In 
these the number of fiber cross-sections was determined. 

The motor fibers for the m. sartorius are derived from the 5th and 6th lumbar 
segments (4). In part of the experiments the spinal ganglia of these segments 
were excised; in others in wliich deafferenting was to be combined with partial 
denervation, only the 5th lumbar ganglion was removed. The excision of the 
ganglia was perfonned under pentobarbital narcosis with aseptic precautions. 
The ganglia were exposed from the dorsal side. This was often hampered by 
severe venous bleeding which sometimes could not be managed, resulting in 
loss of the animal. After exposing the ganglia and the adjoining parts of the 
spinal cord, the dura was incised for about 1 cm. and the dorsal root picked up. 
The dura was then cut between the dorsal and ventral root. Bj’- careful teasing, 
the dorsal root was dissected distally until the ganglion could be separated from 
the ventral root. The ganglia were saved, stained with osmic acid and sectioned 
serially to ascertain the completeness of removal. 

In the animals in which the 5th and 6th lumbar spinal ganglia had been re- 
moved, the 7th lumbar spinal nerve was pulled out of the spinal cord and at 
least 1 cm. of the connection between the 4th and 5th lumbar spinal nerves was 
resected. In addition to this-, the 6th lumbar spinal nerve was pulled out in the 
experiments intended to combine deafferenting vdth partial denervation. Since 
the 6th lumbar segment usually provides most of the sartorius innervation, this 
produces a severe paresis of the muscle (4). The latter procedures were per- 
formed either simultaneous with or a few days after the removal of the ganglia. 
In this way connections with more cranial and caudal segments are severed, and 
it can be expected that all the remaining fibers in the ner^'^e suppl 3 dng the m. 
sartorius are motor fibers. 

After recording the muscle contraction, the motor nerve was fixed and stained 
vith osmic acid, embedded in paraflon and sectioned serially. Tlie nerve fibers 
present were counted and measured Avith a calibrated ocular micrometer. 

Results. The nwnher oj fibers in the sariofivs muscle. The m. sartorius of 
the rabbit, situated superficially on the anterior and medial side of the thigh, is 
long, slender and quite tlfin. It takes its origin from the inguinal ligament, and 
Its tendon, which is continuous with the superficial fascia of the thigh, inserts on 
the tibia. The muscle is inneiwated by one or more fine branches of the n. sa- 
phenous, a branch of the femoral nerve. 

The force of the sartorius muscle during faradic stimulation of the intra-ab- 
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dominal portion of the femoral neive was determined in rabbits weighing around 
2.5 kgm. To prevent disturbance by the contraction of the suiTOunding muscles, 
all branches of the n. femoralis except the n. saphenous were severed. After 
measuring its force, the muscle was removed and used for counting of muscle 
fibers in the cross section. 

The heterolateral muscle was removed very carefully in order to obtain the 
muscle undamaged, but without any extraneous muscle material. After macera- 
tion, the total number of fibers contained in this muscle was determined. 

The results of 7 experiments are compiled in table 1 . The force developed by 
indirect faradic stimulation varied between 106 and 148 grams. The mean force 
was 133 grams, which is in good agreement with a previous series of similar 
determinations (4). 

The total number of fibers in the muscle varied between 7150 and 5216; the 
mean of 7 muscles was 6282 fibers. The weight of the sartorius muscle was of 
the order of 0.6 grams, and thus the average weight of the sartorius muscle fiber 


Table 1 


NUSIBER 

\N"EIGHT OF 
RABBIT 

WEIGHT OF 
MUSCLE 

FORCE 

TOTAL NUMBER 
OF MUSCLE 
FIBERS 

NUMBER OF 
FIBERS IN 
CROSS SECTION 

RATIO 


ism. 

grams 





1 

2.6 

0.60 


7150 

4950 

0.69 

2 

2.3 

— 


5521 

3429 

0.62 

3 

2.4 

— 

133 

5216 

3303 

0.65 

4 

2.5 

0.53 

145 

6600 

3801 

0.575 

5 

2.6 

— 

— 

6930 

4894 

0.71 

6 

2.4 

— 

148 

6775 

— 

— 

7 

2.3 

0.55 

106 

5779 

3529 

0.61 

Mean 

2.4 

— 

133 

6282 

— 

0.64 


is about 0.1 mgm., a figure well in agreement with the weights of muscle fibers 
computed by Clark (2) for the m. soleus and m. extensor longus digitorum of the 
cat. 

The number of muscle fibers counted in the cross section was always markedly 
smaller than the number of fibers determined by teasing the macerated muscle, 
the mean ratio being 0.64. It was found previously (7) that the muscle fibers are 
considerably shorter than the muscle. In rabbits .of 2.5 to 3 kgm. the muscular 
part of the m. sartorius is about 7 cm. The longest fibers are about 3 cm.; 
many are shorter. The sartorius muscle is built of three kinds of fibers: fibers 
attached to the muscle origin and ending freely in the muscle, fibers beginning 
and ending in the muscle substance, and fibers beginning in the muscle and at- 
tached to the tendon. Since no muscle fiber is longer than 3 cm., it is obvious 
that all the fibers cannot be counted in any one cross section of the muscle. It 
also is likely that most cross sections taken from the middle portion of the muscle 
will contain about f of the total number of fibers; this agrees well with the mean 
ratio of 0.64 determined. 
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The motor nerve for the ni. sartorins. There is considerable variation in the 
way in which the motor fibers for the ni. sartorins branch off the n. saphenous. 
Often there are two fine nerve branches Avhich enter into tlie muscle; sometimes 
there is onty one. Occasional^'’ this innervation is supplemented hj a very fine 
branch which enters the muscle at a more proximal point. 

In 5 experiments the nerve supply of the m. sartorins was fixed and stained 
with osmic acid, and after sectioning the neiwe fibers were measured and 


Table 2 



NUMBER 


1 ' 

2 1 

3 ^ 

4 

5 

Fibers in motor nerve 

84 

108 

117 

70 

96 

Mean 

95 





Fro. 1. A: histograms (fiber diameter on abscissa, fiber number on ordinate) of normal 
sartorius motor nerve; B : of a sensory branch of the saphenous; C : histogram of regenerated 
fibers in the sartorius motor nerve 35 days after crushing L6; D: sartorius motor nerve, 
deafferented 24 days before; E: the same, deafferented 31 days before; F: deafferented 53 
daj's before; G: 76 days before. 


counted. Figure lA shows a histogram of the sartorius nerve in one of these 
experiments. There are few fibers of less than 4 p diameter. Two gi-oups of 
fibers can be distinguished, one with a maximum in the 7 n range, the other in 
the 14 M range. A similar distribution of fiber diameter of the motor supply was 
described by Eccles and Sherrington (1). Figure IB shows the histogi-am of a 
sensoo-- branch of the same saphenous nerve. The pronounced difference in 
these histograms permits identification of a branch as motor or sensor 3 '’. Histo- 
grams were made of all the nerve branches used in table 2, proving them to be 
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motor. The number of fibers in the motor nerve ranges from 70 to 117 with a 
mean of 95 (table 2). Making the assumption that f to -g of these fibers are 
sensoiy (8), the average number of motor fibers would be 50 to 60. From this 
figure and those of table 1 it is possible to estimate that the average motor unit 
of the m. sartorius consists of 100 to 125 muscle fibers, and that the force per 
unit is 2.2 to 2.7 grams. 

Histograms of deaff evented motor nerves. About 25 days after excision of the 
ganglia, it became possible to distinguish with certainty between intact motor 
fibers and m 3 '’elin rests in the deafferented motor ner\'’e. Since the distance 
between the spinal ganglia of L6 and the place where the motor neiwe enters the 
sartorius muscle is about 100 mm., the earliest appearance of regenerating fibers 
growing from an anterior root damaged during removal of the ganglia is 

- , 100 „„ , 

5 + — = 28 days, 

4.4 

using the values of Gutmann, Guttmann, Medawar and Young (9) for the latent 
period of regeneration (5 days) and for the rate of growth of regenerating fibers 
after crushing rabbit nerve (4.4 mm/day). 

To investigate this early regeneration, the spinal 'nerve of L6 was crushed where 
it emerges from the intervertebral foramen. Furthermore, the spinal nerves L5 
and L7 were pulled out of the cord, and the connection between L5 and L4 was 
removed, isolating the crushed 6th lumbar spinal nerve from the rest of the 
peripheral ner\mus system. Intra-abdominal stimulation of the femoral nerve 
35 days after this operation caused a small sartorius contraction, indicating that 
some of the regenerating nerve fibers had made functional connection Mth the 
muscle fibers. In the preparations of the sartorius motor nen'-e of tins animal, 
82 nerve fibers were counted, all with the thin myelin sheath characteristic of 
newl}’- regenerated fibers. The histogram of the nerx’^e shows that most of these 
fibers are less than 4 ju in diameter (fig. 1C). This indicates that when the an- 
terior root is damaged during excision of the ganglia, regenerated motor fibers 
may be present in the sartorius motor nerve within five weeks. In some animals 
in which the anterior roots were accidental^ crushed during the removal of 
the ganglia, stimulation of the femoral nerve 28 days later did not elicit a sar- 
torius contraction, and preparations of the motor nerve were found to be free 
of nerve fibers. It is therefore likely that the regenerating anterior root fibers 
reach the motor nerve during the 5th week after the injury is incurred. It takes 
3|-4 weeks before the myelin of the sensory fibers is absorbed sufficiently to 
identify the motor fibers, and the time during which one can be certain that all 
the fibers in the motor nerve are original efferent fibers is thus quite limited in a 
small animal like the rabbit, in which regeneration proceeds at a high' rate. 

Figure ID shows the histogram of a sartorius motor nerve removed 24 days 
after excision of spinal ganglia L5 and L6. The serial sections of the ganglia 
showed that the excision had been complete, and the sensorj" part of the n. 
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saphenous was practica%^ free of fibers, which is an even better indication of 
the completeness of deafferenting. Since the time is too short for regeneration, 
it can be assumed that the 26 fibers in the motor part of the saphenous nerve are 
all original efferent, probabty motor, nerve fibers not contaminated with sensoiy 
or regenerated fibers. The histogram shows that all fibers are more than 5 

thick and that there are two well distinguished groups of fibers, one between 
5 and 10 m in diameter with a maximum around 7 ju, and a second group between 
12 and 17 n with a maximum at 14 fi. A comparison of this histogram vdth that 
of a regenerated motor nerve (fig. 1C) shows a profound difference in diameter 
distribution. 

Figure IE is the histogram of a motor nerve removed 31 da 3 ^s after excision of 
spinal ganglia L5 and L6. In the sensoiy part of the n. saphenous one single 



Fig. 2. Photomicrograph of part of the saphenous nerve removed 34 days after excision 
of the ganglion L5 and partial denervation by pulling L6 out of the cord. The figure shows 
the two motor branches (B and C) and a sensory branch (A) of the saphenous. The latter 
is like the rest of the sensory saphenous free of fibers. In the motor, branches are original 
and regenerated fibers. 

thick fiber was present. The motor nerve contained 38 fibers. Again there 
was a group of fibers with a maximum around 7 n and a group of thick fibers 
between 12 and 16 n in diameter. However, a group of thin fibers has appeared, 
most of which have a diameter between 2 and 3 m- Thej'^ have the characteristics 
of newty regenerated fibers. These fibers have probabty grown out from anterior 
root fibers damaged during the removal of the ganglia and have found their 
wa 3 ' back into the sartorius motor nerve b 3 '- following the tubes of Schwann. 
Figure 2 shows a photomicrograph of a similar nerve. 

The regenerated fibers assumed to have grown from damaged anterior roots 

’ Two intact fibers were present in the sensor^’- saphenous, which, since they were thick 
and had a well-developed myelin sheath, were original fibers. The 3 ' maj' be sensor}- fibers 
which reached the n. saphenous along some indirect route, or efferent fibers which straved 
in the sensory part of the saphenous (10). 
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become thicker as the interval between excision of the ganglia and removal of 
the motor nerve is increased. The histogram shown in figure IF is of a sartorius 
motor nerve removed 53 daj’-s after excision of the ganglia. The nerve contained 
40 fibers. The removal of the ganglia seemed complete, and the sensoiy part of 
the n. saphenous contained only one fiber. The two groups of fibers character- 
istic of the motor nerve can again be recognized in this histogram. In addition, 
however, there is here present an important group of regenerated fibers with a 
maximum at 4 fi. Since these fibers are found exclusively in the motor nerve, 
they have to be considered as regenerated anterior root fibers. 

When the time after removal of the ganglia is still further increased, additional 
changes occur in the histogram. Figure IG is a histogram of a sartorius motor 
nerve removed 76 days after deafferenting. The spinal ganglia seemed to have 
been removed completely. In the motor nerve 236 fibers were present, many 
more than are found normally in this nerve. In the histogram, a new group of 
thin fibers between 2 and 3 /x in diameter is added. It seems likely that these 
thin regenerated fibers have grown from the nerve supply of the adjacent seg- 
ments into the roots and branches of the lumbo-sacral plexus which were severed 
to deafferent and isolate the femoral nerve. These fibers are therefore delayed in 
their arrival at the sartorius motor nerve as compared with the regenerating an- 
terior root fibers. This assumption is supported not only bj’’ the large number of 
fibers in the motor nerve, but also by the presence of similar thin regenerated 
fibers in the sensory part of the saphenous nerve. It is likeb’’ that these fibers 
are mostlj'’ sensory in nature. 

Motor units of the m. sartornis. From the number of nerve fibers in the motor 
nerve for the m. sartorius it has been estimated that this muscle is innervated 
by 50 to 60 motor fibers. In no instance has such a number of original fibers 
been found in the deafferented motor nerve Avhich seems to indicate that it has 
not been possible to excise the ganglia in the rabbit, without damage to the an- 
terior roots. This is hardly surprising, as the ganglia had to be teased loose 
from the fragile anterior roots. In all experiments deafferenting was thus com- 
bined with partial denervation and all the units determined in this way must 
be considered as abnormal. Therefore, no distinction will be made between the 
experiments in which the m. sartorius was deafferented intentionally and the 
others in nlrich this occurred accidentally. 

Data from 10 experiments selected from a large number have been compiled 
in table 3. The motor neh^es of the first three experiments contain onlj^ fibers 
thicker than 5 n (histograms ID, 3A and 3B), which identifies them as original 
efferent fibers. The average force per motor unit in the first experiment is 
1.7 grams, a value somewhat lower than the estimated tension of the normal 
motor unit. The number of motor fibers is 26, about half that of the estimated 
number. Growth of the motor unit by fiber adoption would thus have been 
possible; the small force of the motor unit indicates its failure in this particular 
experiment. In experiment 2 (table 3) the tension produced Ij}’’ the unit (5.3 
grams) is about twice that of the estimated force of the normal unit, and in 
experiment 3 it is 3-4 times as large (8.8 grams). In the latter experiments. 
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fiber adoption seems to have been active, especiall3’’ in experiment 3 where the 
small number of intact nerve fibers favors the grmvth of the motor unit (4). 

The histogram shows the presence of regenerated fibers in the other experi- 
ments of table 3. Probably onlji- one such fiber was present in the motor nerve 
of experiment 4 (histogram 3C). The force of the motor unit in this experiment 
was 4.0 grams. In experiments 5, 6 and 7 (liistograms 3D, IE and 3E), there are 
more regenerated fibers, which probably originate in the anterior roots, since the 


Table 3 


NTJUBER 

GANGLIA 
, EXaSED 

TIME TOR 
DEGENERATION 

NUMBER OF 
NERVE FIBERS 
IN MOTOR 
NERVE 

HISTOGRAM 

MUSCLE FORCE j 

FORCE PER 
UNIT 


■■■ 

days 

1 


Srams 

grams 

1 


24 

26 

ID 

43 

1.7 

2 


32 

19 

2A 

100 

5.3 

3 

L5 

34 

5 

2B 

44 

8.8 

4 

L5 

28 

12 

2C 

48 

4.0 

5 

L5-L6 

32 

39 

2D 

102 

2.6 

6 

L5-L6 

31 

38 

IE 

46 

1.2 

7 

L5 

42 

31 

2E 

98 

3.2 

8 

L5-L6 

55 

1 27 

2F 

134 

5.0 

9 

L5 

73 

23 

2G 

108 

4.7 

10 

L5 

125 

15 

2H 

81 

5.4 



Fig. 3. A: histogram of the sartorius motor nerve; deafferented 32 days before; B: the 
same deafferented 34 days before; C: deafferented 28 days before; D: 32 days before; E; 
^ days before; P : 55 days before; G: 73 days before; H: 125 days before. 


sensory parts of the saphenous ner\^es Avere free of neiwe fibers (except for a single 
ber m the sensory saphenous of experiment 6). The regenerating motor fibers 
piobabty have not had time to form large motor units, as the time between re- 
moval of the ganglia and the final experiment was onty, 30 to 40 daj’^s. In these 
experiments abnormal^ large units due to fiber adoption maj’' be present, as 
e as regenerated units which are smaller than normal. The units in these 
iroe experiments produced tensions of 2.6, 1.2 and 3.2 gi'ams, respectively, 
uc 1 may illustrate the action of these conflicting influences. 
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In experiments 8, 9 and 10 (histograms 3F, 3G and 3H) in which the time after 
excision of the ganglion was 55, 73 and 125 days, the total muscle force (134, 
108 and 81 grams) approached that of the normal muscle. The growth of the 
original units by liber adoption and the regeneration of new motor units, which 
by that time may be as large or even larger than the normal ones (11) has resulted 
in a more or less complete reinneiwation of these muscles, although the number 
of fibers in their nerve supply is’ considerably below normal. The average 
force computed for this mixture of units was respectively 5.0, 4.7 and 5.4 grams, 
or about twice the estimated force of the normal unit. It is likely that the 
actual force of these motor units is larger, however, since at this time a new group 
of regenerated fibers usually appears, which as mentioned above are probably 
mostly of sensory origin. Such fibers were present in the sensory .part of the 
saphenous in these experiments. 

DISCUSSION. The determination of the force of the motor unit of the rabbit’s 
sartorius muscle has been found to be a difficult problem. The removal of 
ganglia L5 and L6 in general produced damage to the anterior root, causing par- 
tial denervation of the muscle, resulting in the adoption of denervated muscle 
fibers by the intact motor units. On the other hand, after such damage regenera- 
tion of the anterior root fibers occurs, adding regenerated and thus abnormal 
units to the oversize units due to fiber adoption. Finally neive fibers, probably 
mostly sensory, may grow in from adjacent segments, further complicating the 
picture. These factors account for the great variation in the computed values 
for the force of the motor unit (ranging from about 1 to 9 grams). 

Perhaps the most reliable figures for the force and size of the normal motor 
unit are those estimated from the mean force and number of fibers of the normal 
muscle, and the mean number of nerve fibers in the motor neive. These values 
were respectively 2.2-2.7 grams and 100-125 fibers. Comparing these with the 
figures of table 3, there seems to be no doubt that growth of the motor unit by 
fiber adoption can increase the size of the unit materiall}^ 

Eccles and Sherrington (1) worked on more caudal segments of the cat, where 
the conditions for the removal of the spinal ganglia without injury to the anterior 
roots seem to be more favorable. They found thin fibers down to 2 in the 
deafferented motor nerves. In the present experiments on rabbits, no such fibers 
were found in motor nerves, which could be assumed to be free of sensory or 
regenerated fibers. Eccles and Sherrington argued that these thin fibers are 
of anterior root origin. In view of the long period of degeneration used by these 
authors, it seems possible that at least some of the thin fibers are regenerates. 

The force developed per muscle fiber, calculated by dividing the mean muscle 
force (133 grams) by the mean of the total number of muscle fibers (6282), is 
about 22 mgm. This figure is smaller than the values for cat muscles computed 
by Clark, 48.5 mgm. per fiber for the m. extensor longus digitorum and 84 mgm. 
for the m. soleus. However, the arrangement of the fibers in the m. sartorius 
is such that three muscle fibers are placed more or less serially, forming as far 
as function is concerned one long fiber stretched over the entire length of the 
muscle. This arrangement will increase the extent of motion, but the force of 



FORCE AND SIZE OF MOTOR UNITS IN RABBIT SARTORIUS 


105 


tluee suchi fibers will not be any larger than that of a single one. The actual 
force of the muscle fiber thus 'will be about three times as large as that computed 
above. The force per muscle fiber of the m. sartorius would be about 66 mgm., 
a figure more in agreement vith the values found by Clark. 

The values estimated for the force of the sartorius motor unit (2.2-2.7 grams) 
is small as compared with Eccles and Sherrington’s figures for the units of some 
cat muscles (6 to 34 grams). The number of muscle fibers in the sartorius unit 
is of the same order as found by Clark (2) for cat muscle. Due to the shortness 
of the sartorius motor nerve, the fiber counts were performed at a distance of 
about 10 mm. from the muscle. At this point some fiber division has probably 
occurred (Eccles and Sherrington, 1930), which increases the fiber count and 
thus decreases the computed force and size of the unit. However, from Eccles 
and Sherrington’s figures it seems that this factor cannot account for the large 
difference between the force of the units in the rabbit sartorius and in the cat 
muscles. It is hkely that the smallness of the force estimated for the sartorius 
units is again mainly due to the arrangement of the muscle fibers in series of 
three, which span the length of the muscle. Taking this into consideration, 
the force of the sartorius units agrees rather well with the values found by Eccles 
and Sherrington (1) for some of the cat muscles (m. semitendinosis, m. soleus 
and m. extensor longus digitorum). 


SUMMARY 

1. In seven sartorius muscles of the rabbit the total number of muscle fibers 
was determined. The values found were between 5216 and 7150 fibers; the mean 
was 6282 fibers. The mean force developed by the heterolateral sartorius mus- 
cles was 133 grams. 

2. In 5 experiments the nerve fibers in the motor nerve of the m. sartorius 
were counted. Figures between 70 and 117 were determined with -a mean of 
95 fibers. 

3. Assuming that | to § of the fibers in the motor neiwe are sensory, the mean 
sartorius motor unit can be estimated to consist of 100 to 125 muscle fibers, 
producing a tension of 2.2 to 2.7 grams during faradic stimulation. 

4. In the histograms of sartorius motor nerves which had been deafferented 
by excision of the appropriate spinal ganglia, and which could be expected to be 
free of sensory and regenerated fibers, all nerve fibers were more than 5 m in 
diameter. Two gi’oups of fibers were present, one with a maximum around 7 ju, 
the other with a maximum around 14 n. 

5. Regenerated fibers originating from an anterior root damaged during re- 
moval of the ganglia may be present in the sartorius motor nerve wthin 5 weeks. 
Later (usually after -70 to 75 days) regenerated fibers which are probably mostly 
sensory maj"^ gi'ow into this neiA^e from other sources. 

6. Complete deafferenting, ufithout damage to the anterior roots, and absence 
of regenerated fibers in the motor nerve are conditions for the determination of 
foice and size of the motor unit. These conditions are so exacting that they 
have in the present experiments never been met. In most experiments the motor 
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unit produced considerably more tension (up to 8.8 grams) during faradic stimu- 
lation than the value for the normal unit estimated above (2.2-2.7 grams). 
This is probabl}'- due to fiber adoption of the intact units in muscles partially 
denervated during the removal of the ganglia. 

I am indebted to Mrs. J. Wiersma for valuable assistance and to Miss R. E. 
Estey, who patiently counted many thousands of muscle and neiwe fibers. 
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Response of the isolated rectus abdominis muscle of the frog to acetylchoLne 
stimulation is markedly potentiated bj'^ increased acidity of the ambient solution. 
Carbon dioxide, lactic acid, phosphoric acid and hydrochloric acid all produce 
increased response, the extent of which seems to be dependent upon the pene- 
trating powers of the ind'.vidual acids (1). Carbon dioxide is the most effective 
of these acids, presumably due to its I'apid penetration, so that it easil}'’ reaches 
the intracellular areas where acetylcholine is thought to exert its effects. The 
more fixed acids, such as phosphoric and hydrochloric, are less effective, exerting 
comparable effects to those of carbon dioxide and lactic acid only at much lower 
pH values. 

During experiments which demonstrated that diisopropyl fluorophosphate 
(DFP) also potentiated the response of the rectus abdominis of the frog to acetyl- 
choline, it was observed that solutions containing DFP were extremely acid in 
character. Since previous work has shown that any increase in acidity of the 
ambient solution has a potentiating effect upon this response, it seemed reason- 
able to postulate that at least part of the action of DFP might be due to its acid 
properties. 

Rectus abdominis muscles of the frog were excised, mounted in an especially 
devised container and attached to a recording muscle lever. The container was 
equipped with a three-way stopcock for quickly flooding and changing the 
solutions about the muscle. Bicarbonate-free Ringer-Locke solution was used 
as the medium to which acetylcholine and the test solutions were added. The 
muscle was flooded for one minute with acetylcholine-containing solution, quickl}'- 
drained and reflooded with bicarbonate-free Ringer’s for a 10-minute rest period, 
followed by another flooding with acetylcholine plus the test solution (DFP, COo, 
H3PO4). The hydrogen ion concentration of each solution was determined with 
the glass electrode. 

The effect of DFP in buffered and in unbuffered solutions is shown in figure 1. 
lA, C and E are control contractions in response to 1-200,000 acetylcholine in 
bicarbonate-free Ringer-Locke solution at pH 6.4. IB is a contraction in 
response to the same concentration of acetylcholine in bicarbonate-free Ringer- 
Locke solution to which DFP has been added to a concenUation of M/2500. A 
64% increase in height of contraction occurred under these conditions. The 

’ Tlicso experiments were supported in part bj' a grant from the Horace H. Rackham 
School of Graduate Studies, University of Michigan. 
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same concentrations of acetylcholine and DFP were added to a standard Ringer- 
Locke solution to produce the 20% increase in height of contraction shown in ID. 
The only difference in conditions betAveen the two test stimulations is that in IB 
the acidity of the DFP was not buffered and the pH was reduced to 3.3, Avhereas 
in ID the presence of sodium bicarbonate in the standard Ringer-Locke solution 
buffered the DFP so that the pH was 6.3. 

Experiments such as this suggest that the increase in contraction of the muscle 
caused by the presence of DFP is a resultant of two factors: first, a function of 
the acidity of the solution, and second, a response to some specific anticholin- 
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Fig. 1. Response of the isolated rectus abdominis muscle of the frog to acetylcholine 
(1-200,000) modified bj' diisopropyl fluorophosphate (DFP), in unbuffered and in buffered 
Ringer-Locke solutions. A, C, and E are control contractions in bicarbonate-free Ringer- 
Locke solution. B is the response to addition of DPP to a concentration of M/2500 in the 
bicarbonate-free solution. D is the response to addition of DFP (M/2500) to a standard 
Ringer-Locke solution. 

Fig. 2. Potentiation of response of the isolated rectus abdominis muscle of the frog to 
acetylcholine (1-1,000,000) by phosphoric acid. A and C are control contractions in bi- 
carbonate-free Ringer-Locke solution. B is the response to addition of 0.016% phosphoric 
acid to the ambient solution. 

esterase activit}'’ of the compound. These results are in agreement with the addi- 
tive effects of physostigmine and carbon dioxide previously described (2) . 

Since DFP is closelj" related to phosphoric acid, a comparison was made of the 
responses of the rectus abdominis to DFP and to H3PO4. Figure 2 demonstrates 
the response of a rectus abdominis muscle to 1-1,000,000 acetylcholine in the 
presence of .016% H3PO4, with a pH imlue of 3.26. The increase in height of con- 
traction is similar to that shown in figure IB, ivliich is at a comparable pH. 

Another example of similarity in response of the rectus abdominis to DFP and 
to phosphoric acid is that when high concentrations of acid are used, or repeated 
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exposures are made, there is a maintained increased height of contraction. This 
is suggestive that acid, like DFP, may have a relatively irreversible effect in high 
concentrations. 

It is therefore obvious that the acid properties of DFP should not be overlooked 
in the intei’pretation of its physiological effects in in vitro experiments such as 
' described in the present paper. On the contrary, these readily demonstrable acid 
effects should not be confused ivith the powerful specific anticholinesterase effects 
of DFP noted in mammalian experiments where approximately 7 mgm. of DFP 
injected into dogs weighing approximately 14 kgm. produces striking potentiation 
of nervous activity. In consideration of the great buffering capacity of a dog of 
this size, the physiological effects of DFP obviously cannot be attributed to its 
acid properties. 

Solutions of DFP deteriorate rapidly and in the process become more acid in 
character. Experiments suggest that the specific anticholinesterase properties 
of DFP solutions are reduced rapidly after preparation, whereas its antichoUn- 
esterase activity as an acid becomes increased. 

SUMMARY 

Response of the isolated rectus abdominis muscle to acetylcholine is potenti- 
ated by DFP. Part of this effect is held to be due to the acid properties of DFP 
since potentiation of response to acetylcholine is considerably gi'eater in an un- 
buffered solution of DFP. It is therefore suggested that the anticholinesterase 
activity of DFP is mediated by two effects; a) the acidity of DFP due to its struc- 
tural similarity to phosphoric acid and h) the specific anticholinesterase activity 
of DFP itself. 
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Studies of nutrition usuall}' depend upon the animal’s urges to eat and to 
drink. But little has been done to find what factors of the diet modif}" those 
urges. When bod}^ weight is employed as a measure of nutritive state, the 
observer ordinarily is assuming that intake has been sufficient to supply what- 
ever is available. If weight has been lost he often assumes that the diet is 
inadequate qualitatively and not quantitatively. To what extent is this con- 
fidence in the urges toward maintenance justified? 

The following aspects of intake are here investigated: effect of dilution of 
food by roughage, effect of flavoring, effect of dilution of food by water, forcing 
of water intake b}'’ mixture of water with food, and after-effects of partial or 
complete privation of food, or of water, or of both. The investigation was 
designed to ascertain how an animal solves conflicts, and practices priorities, 
in its bodily maintenance. If it be obliged to ingest an excess of water while 
obtaining food, how much excess will it take? If more than the requirement 
of some constituent caimot be avoided, will the total intake be in excess of 
metabolic uses? In general, how much excess of A in the diet will reduce or 
stop the intake of B? How are conflicts of metabolisms compromised, and do 
the urges of intake correspond to a pattern that favors maintenance of the indi- 
vidual, without or with the connivance of the machinery of outputs? By 
answering such questions, even in part, the physiological organization of the 
animal body can be partially described. In a general way it is recognized (1) 
that mammals often gauge intakes according to certain nutritive values, in spite 
of inequalities of form and substance in various diets. But it is also known 
that some constituents of food or drink act as deterrents to ingestion, as is illus- 
trated by substitution of sea water for fresh water (2). 

The investigation included attempts to induce rats to ingest large quantities 
of water, simpty by mixing the water with the food available to the animals. 
As a consequence, a general method was worked out of forcing into the metabo- 
lism of an animal considerable quantities of various ingested materials that 
would ordinarily be refused. 

Help in the experiments was received from M. C. Nudo, S. Farmington and 
M. M. Stiler. Aid in completing the investigation was derived from a contract 
between the Army Air Forces and the University of Rochester. 

Mixtures of food with roughage. \^Tiat characteristics of foods may guide 
rats’ food consumption? Are the textbooks correct in suggesting that alimentaiy 
fill is a chief requirement of the animal? Male white rats were furnished first 
Avith an adequate dry food (chow) ad libitum, then later given the same food 
thoroughly mixed with a form of roughage (cellulose or kaolin). Water Avas 
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separately available. The food consumption and the ivater consumption were 
measured in 24-hour periods. 

Of a constant sample of food, the consumption was highly uniform. Thus, 
chow was taken by one individual rat to the extent of 6.1% of the body weight 
each 24 hours (mean of 94 days), water being available ad libitum. The amount 
of food taken daily varied in this rat by dbO.65% of the body weight, hence its 
intake had a coefficient of variation of ±10.7%. The variation was no greater 
among 7 individuals (table 1) than it was in 1, providing male rats of ISO to 
300 grams weight were alone considered. 

Cellulose. Celluflour is reported (3) to contain no utilizable material, to be 
79% cellulose and 17% pentosan. The chow is stated by its manufactui-er to 
contain 4% of crude fiber, 12% of water and 23% of protein. 


Table 1. Intakes of two foods bij rats 


The same 7 male individuals were given each food for 77 and 114 rat-days, respectively. 



DRIED \\'HOLE MILK 

1 

CHOW 

Potential energy of 
food 

5.1 Cal./gram of food 

3.3 Cal./gram of food 

Food consumed/day. . 

4.0% of body wt. 

5.59% of body wt. 

Potential energj’’ con- 
sumed/day 

20.4 Cal./lOO grams of wt. 1 

18.6 Cal./lOO grams of wt. 

Protein consumed/day 

1.08 grams % of wt. 

1.31 grams % of wt. 

Water drunk/day 

14.56% of body wt. 

12.18% of body wt. 

Water drunk/food 
consumed 

i 

0.71 ml. /Cal. 

0.66 ml ./Cal. 

Water content of food,. 

2% 

12% 

Water of oxidation + 
content in food . . . 

2.54% of wt./daj”^ 

2.75% of wt./day 

Total water available . 

0.84 ml. /Cal. 

0.80 ml ./Cal. 


'I’iTien the chow was diluted by adding diverse proportions of powdered cell- 
uflour to it, the total bulks eaten increased or decreased (fig. 1), depending upon 
the mixture. Only in the middle range of nutrient proportions (25 to 33% 
nutrients) was the transition gradual; in others the whole transition was made 
on the first day of the new diet. The mean quantities eaten varied chieflj’- with 
the extent of dilution (fig. 2). If the object of a regime be to force the ingegtion 
of cellulose, the optimal food mixture would evidenth’^ be about 33% nutrients. 
In general, a food mixture furnished to the rat a diminished stimulus to eat bulk 
whenever the utilizable material was less than 25% of the dry weight, ^\^len 
no nutrient was added to the cellulose, practically none was eaten. 

The body weight was maintained only in the richer mixtures of food (fig. 2). 
At 33% of nutrients or less, the intake of nutrients was clearty inadequate and 
weight was steadily lost. The loss of weight was at the same rate as when the 
food intake was limited (in paired feedings) to the amounts of undiluted food 
actually obtained. It may be supposed that the rat was partially limited by 
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its alimentary capacity from handling every day 'more than one-fourth of its 
body weight of bulk (solids plus water) and one fourteenth of its weight of 
' roughage. But below it will be sho^vn that when the bulk is mainly composed 
of water, five fold as much total ingesta are taken. Factors other than bulk 
are believed to participate in limiting the intake. 



Fig. 1. Daily ad libitum intakes of solids by rats transferred at zero day from chow diet 
to chow mixed (in various fractions) with powdered cellulose. Each point is the mean of 3 
to 5 tests; each line is drawn to fall nothin the standard error of all the points that belong 
with it. In this and subsequent graphs each intake is represented at the end of the 24-hour 
period to which it applies. 

Fig. 2. Daily intakes of available nutrients, solids, and water, and changes of body 
weight, in rats maintained on various mixtures of chow and cellulose. Each point is the 
mean of 12 to 24 daj^s, and the standard errors among these days are represented by the 
vertical lines. 

Fig. 3. Daily intakes and changes of body weight in rats maintained on various mixtures 
of chow and kaolin. 

Fig. 4. Effect of adding small quantities of flavored nutrients to kaolin, upon the daily 
acceptance of the kaolin mixture. This figure also amplifies the left-hand portion of 
figure 3. 

Tliere appears to be evidence that in the rat’s alimentaiy tract some cellulose 
is decomposed (4). Tlie products of decomposition are not such as to furnish 
nutrients to the rat, however. The usual assumption is that among mammals 
only ruminants derive energj'’ from ingested cellulose, since thej’’ alone are 
believed to harbor sjonbionts that digest cellulose to utilizable sugars. 

Kaolin. For comparison, another diluent of the food, kaolin, was chosen as 
one from which no utilization of energj'' ivas possible. Tifiien diverse mixtures 





URGES TO EAT AND DRINK 


113 


of chow and kaolin were presented, increased bulks were again eaten. Approxi- 
mately the same relations of amounts ingested to concentrations of nutrients 
were found (fig. 3) as for cellulose. Slightly more kaolin was accepted in the 
region of 15% nutrient and slightly more cellulose at 50% nutrient. But for 
both the maximal roughage ingested in one day was one-fourteenth of the body 
weight. 

It may be concluded that the proportion of nutrients in a food mixture plays 
a predominant role in eating, and that cellulose as a non-nutrient is not pre- 
ferred to cla3^ Within limits, rats eat for calories. 

It is notable that from dilutions of food with roughage, less nutrient material 
was taken than from undiluted food. To this small degree, bulk of food is a 
factor. Or it may also be said that only of concentrated food did the rat eat 
more than it needed for maintenance of body weight. In fact, for the equilibrium 
of weight a food of low nutrient concentration (50% utihzable) was sufficient. 
But to increase the body weight a highly concentrated nutrient was apparently 
required. In natural conditions also it is likely that a rat does not maintain 
its weight on a food mixture whose nutritive content is less than half. A high 
fraction of utihzable material is widely understood to be an important factor 
in edibihty and acceptance. The above experiments demonstrate that tliis 
factor constitutes a necessity and not a mere preference. 

Cellulose as diluent leads to more consumption of water than kaolin does. 
Probably the cellulose swells as it enters the alimentary’’ tract. With kaolin 
mixtures the water consumption was hnearly related to consumption of nutrients 
in the same manner as with direct partial privation of food. 

It might be supposed that the ingestion of roughage could be increased bj’’ 
previous privation of food. This was not the case. In general, as shoAra below, 
rats deprived of food but not of water for 1 to 6 daj'^s consumed about the same 
amount of food per day after privation as they did before privation. So also, 
when food mixed -adth roughage, containing 33, 50, or 67% of nutrients, was 
offered before and after 3 days of privation, no individual ate more in 1 daj^ 
subsequently than previously. Inanition is not a significant stimulus to sub- 
sequent ingestion of more roughage-containing food in the rat. 

In numerous instances the rats attempted to scatter the diluted foods from 
the food cups, whereas they made no attempt to scatter concentrated ones. In 
the present tests deep jars were used as food cups so that scattering was rarely 
possible. In deep jars the rats often burrowed through the food mass, churning 
it over, as though hunting for more concentrated portions ■\wthin it. Low nutri- 
ent concentrations evidently^ induce overt action in ways other than that of 
eating more; the action indicates that the low quality^ of the food is recognized 
before ingestion. 

Flavors. In addition to the factors of bulk and of utihzable nutrients, some 
factors of taste were tested. Food acceptance of an adequate diet is often 
believed to depend upon tastes and odors; y^et the amounts of an adequate food 
mixture taken by rats are influenced only' to moderate though significant extents 
by added substances (5). The question in our experiments was: Could a rat be 



114 


EDWARD F. ADOLPH 


induced to ingest non-nutrients when the3’- were suitablj' flavored? Some of 
the flavoring materials tested had no nutrient value; others contained consider- 
able nutrient. The experiments show that flavors of the first sort (diacetjd, 
butyric acid) induced no more eating than their absence, though saccharin did 
lead to a barelj'' significant increase in eating. Hence it seems difficult to fool 
a rat into accepting a non-nutrient b3’- such means. Flavors that furnished 
nutrients in small amounts induced eating in close proportion to their nutrient 
contents (fig. 4), taking chow as the standard of comparison. It is still possible 
that flavors ma3" make a greater impression where choices among foods are 
allowed. It is also possible that more impelling flavors will be found. 

Kinds of food. Two standard foods were compared, dried whole milk and 
chow. The two have very different contents of potential energ3'' (table 1), the 
dried milk 3delding 3/2 as much energ3’^ per gram of weight as the chow. 'Uflien 
the voluntary consumptions of the two foods were compared, the richer in energ5' 
was ingested in smaller amount. The Calories actual^ consumed ad libitum 
turned out to be slightty greater in the richer food. The water consumed was 
proportional to the energy supplied b3' the food eaten. The dried milk is richer 
b3’^ virtue of its higher fat content, the protein representing 21% of the potential 
energ3'' in milk and 28% in chow. Again it is suggested that the bulk ingested 
pla3'ed a moderate role, but that the principal guide to the amount of ingestion 
was the caloric value. 

The transition from one food to the other was characterized b3’- a significant 
change of bod3’’ weight. In passing from chow to dried miUc, 2.7% of the weight 
was lost in 24 hours. In passing from milk to chow, 3.8% was gained. The 
difference between 3.8 and 2.7 corresponded roughl3" to the daib’’ weight gain on 
constant diet. The change of weight represents, probabl3', the increased alimen- 
tary fill that prevails on the chow diet, since it remains longer in the alimentaiy 
tract. 

SUM5LA.RY. Mixing of diverse materials with adequate nutrients is, it appears, 
a method of forcing the ingestion of substances that are ordinarily refused. In 
other researches the method has been used incidental^’’ for rats; as an example. 
Gamble el al. (6, 7) forced urea and various salts, in amounts that constituted 
up to 18% for sodium chloride and 36% for urea, of the weight of food eaten. 
In each of these instances the full standard quantit3" of food as measured in terms 
of its potential energ3’’ was ingested. 

The conclusion from the above experiments is that both bulk and nutritive 
value are factors in food consumption. But a compromise between them is 
regular^ made, according to a pattern that is uniform among many individ- 
uals. Satiet3’' makes itself felt both in the alimentaiy tract and in the metabo- 
lizing tissues, and both factors then influence the motor activity of food ingestion. 

Mixtures of food with water. A further development in the study of mixtures 
of non-nutrients with nuti’ients concerned the dilution of food with water. 
Would a rat increase its water intake to an3'’ lengths in obtaining food? At 
what point ivould mixtures be treated 63’’ the rat as though they yielded dimin- 
ishing returns? Would there be an3’' relation between water intake and the 
capacity for excreting water? 
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For this study millc fortified with copper, iron and manganese (8) was the sole 
diet. It was furnished ad libitum either dry (klim), or in blended dilutions of 
the same, or in equivalent dilutions of a uniform condensed milk (formulae), 
or of fresh cow’s millc. Tap water was always available. WTiereas the dried 
milk was presented in a deep beaker, the liquid milk was furnished in an inverted 
flask or cylinder with drinking tube. The outlet was usually arranged so that 
any spilled food did not enter the urine funnel. Care was taken to present the 
same drinking tube to any one rat each day; the cylinder was refilled with fresh 
materials each 24 hours and sometimes twice daily. Sodium benzoate (0.2%) 
also prevented coagulation and separation of the milk which stood at 26°C. 

In the first 24 hours on diluted food the rats took nearly, but not quite, as 
large amounts of it as in subsequent days (fig. 5). They therefore lagged slightly 
in adjusting to the diluted food. Thej’^ continued to take uniform amounts for 
at least 6 days, except that of the lowest dilutions (0 and 0.65% solids) less was 
taken after the thii-d da 3 ^ Therefore, only the extreme dilutions offered an}-- 
progressive discouragement to ingestion. The amounts ingested were accord- 
ingly averaged for each entire period of 3 to 6 days. 

The quantities ingested were ascertained for the various dilutions of food 
indicated in figure 6. Three sets of experiments are represented : a) dilutions of 
klim during 2 days, b) dilutions of formulae during 6 days and c) dilutions of 
formulae, each lasting 3 days, presented in unintenoipted series progressing 
from 5.2% solids down to 0.65% solids. 

The amounts of liquid taken by the rats increased progressively with dilution 
of the food from 30% solids down to 2.6% solids. With further dilution less 
was taken, and with tap water alone the ingestion was small indeed. Of 2.6% 
dilution the rats were regularly ingesting more than their own body weights of 
water every 24 hours. 

Corresponding^, the urinaiy output was greatly augmented by food dilution 
(fig. 6). In the presence of the dilution that was ingested most copiously, each 
rat was excreting its bodj'’ weight of water eveiy 24 hours. Evidentlj’’ food 
dilution constituted an easy method of increasing enormousty the turnover of 
water. The gi-eatest output was obtained by furnishing to the rat only 2 to 3% 
of solids in the food. 

The difference between intake of water and output of urine is not an accurate 
measure of evaporative losses of water, since variable amounts of urine were 
lost during its collection. On the ar^erage the urine collected was 78% of the 
water ingested. In these tests, water intake appeared to be the sole determiner 
of urinaiy output. The concentrations of the urine excreted reflected the gi-eat 
dilution of the excretoiy substances bj' the large volumes of water being put 
out (fig. 7). 

If the rat was to obtain the same quantity of nutrients other than water, it 
would have to double its intake every time the concentration of mixture was 
halved. It almost did so from mixtures containing 15% to 2.5% of solids. Of 
smaller concentrations it obtained less and less food, as shoim in the upper 
portion of figure 6. 

Nevertheless, the bodj' weight was approximate^ maintained upon the smaller 



116 


EDWARD F. ADOLPH 


caloric intakes doA\Ta to a concentration of 2.6% of milk solids, though only after 
a slight loss of weight in the first 2 da 3 ’^s. Upon lesser concentrations the body 
weight was not maintained; the two smallest concentrations jdelded little advan- 
tage over pure water. 





Fig. 5. Daily ad libitum water intakes of rats transferred at zero time from solid milk 
to eat, plus water to drink, to milk diluted with three different proportions of water. Each 
point is the mean of 10 tests in the uppermost curve, and of 3 tests in the other 2 curves. 

Fig. 6. Daily exchanges of available nutrients, ingested water and urine in rats main- 
tained, each for 3 to 6 days, on various concentrations of milk. A logarithmic scale is used 
for the concentrations of the food mixture. Free water was always present in addition to 
the food mixture. Each point is the mean of 18 to 36 days, with its standard error. 

Fig. 7. Mean specific gravity of urine in relation to rate of water intake when food 
(milk) was diluted to various extents. 

Fig. 8: Daily intakes of water from three kinds of milk preparations in similar dilutions. 


It seemed possible that gradual and progressive dilution of the food with water 
(set C) would lead to some sort of adjustment in intake and bodj’- maintenance. 
No such adjustment was noticable, however, and the same amounts of liquid 
food were taken of each concentration as when the rats were suddenly transferred 
to each of the concentrations (sets A and B). In fact, no simple method was 
found of modifjdng the amount of each dilution that the rats accepted. 

Body weight did not increase appreciabty during the transition from pure 






UEGBS TO EAT AND DRINK 


117 


food to diluted food. Hence the retained water was insuflScient to detect in 
terms of body weight as ascertained at daily intervals. Comparison of three 
preparations of milk in equal dilutions showed no consistent differences of water 
intake among them (fig. 8). 

Limiting factors. 'i^Tiat is the significance of the maximal rate of water intake? 
Is it feasible for the rat to ingest still more of the dilute food and thereby to 
maintain its weight? The amount taken might be limited by the alimentary 
tract, or by the excretorj’’ s 3 ’'stem, among other possibilities. Within the alimen- 
tarj’- tract, digestion of the proteins or fats might be limiting, thereby making 
the nutrients unavailable in dilute foods. Or absorption from the alimentary 
tract might reach a maximal rate. That absorption of the water was not limiting 
in the present tests is suggested by the fact that no more diarrhea prevailed 
when rats ingested diluted milk than when they ingested dried milk. 

Table 2. Maximal rates of water exchange in adult rats 


Numbers of animals or tests are shown in parentheses. 



% OF BODY WXIGHT «.R HOCE 


1 mean 

maximum 

Maximal water ingestion 

1 


Hypophysial injury (Richter) 


5.0 

Food dilution to 2.6% solids 


10.0 

First hour after 48-hours’ water privation i 


10.1 

First hour after 48-hours’ of M/2 NaCl 

6.7 (8) 

12.4 

Maximal water excretion 



Hypophysial injury (Richter) 

3.9 (7) 1 


Food dilution 

4.1 (32) 

7.5 

Water by stomach (Dicker and Heller) 


6.2 

Hourly water by stomach (Richter) 

4.2 (4) 

5.9 

Hourly water by stomach and epinephrine under 



skin (Gaunt et al.) 

5.1 (14) 



If the excretory system is limiting, then it might be that no faster excretion 
of water occurs under other circumstances than under the present ones. Richter 
(9) found that rats exliibiting diabetes insipidus after injury to the hypophysis 
had a highest continued rate of water intake (rf 120% of the body wei^t in 24 
hours (table 2). Since rats given excesses of water by stomach tube excreted 
an average of 101%, and up to 140%, of their weights of collectable urine per 
24 hours (though this test did not continue for 24 hours), Richter suggested that 
the excretory capacity for water was the limiting factor in the water turnover 
of diabetes insipidus. Rates up to 148% per 24 hours (not continued for 24 
hours) have been reported by Dicker and Heller (10). We have sometimes 
cohected 200% of the body weight of urine in 24 hours, the highest recorded 
being 240%. Even that rate is far below the believed glomerular filtration 
rate of the rat, which amounts to 500% of the body weight per 24 hours as 
Merred from inulin clearance (10), a clearance which itself appears not to varj' 
in the rat with rate of water excretion. 
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Unilateral nephrectomy did not diminish the ingestion or the excretion of 
water below that of control individuals except to halve the turnover upon the 
day of operation. Tests of this sort will be described in a later report, together 
with the small amounts of hypertrophy’' of the kidneys that are initiated. 

It can be concluded that the rate of Avater turnover in rats is not limited by 
any'- single knoAra factor. 

A rat maintained on ordinaiy diy food spends about one-tAA’entieth of its time 
in eating and drinldng. On the mixture containing 2.6% of milk solids, the rat 
can be obserA''ed to spend as much as one-fourth of its time in drinking. The 
actual ingestion, therefore, comes to be a serious amount of phy’^sical activity’', 
even in an animal that has nothing else to do. 

Dilution of food by AA’ater tells the same story’ as dilution by’' non-nutrients. 
The rat’s acceptance is apparently guided for the most part by the nutritive 
quantities. Its intake of bulk is increased in moderate dilutions. But in high 
dilutions the compromise Avith bulk is diminished AA’ith the futility of the intake. 
The qualitatn’e similarity AA’ith dilution by roughage preA’ails in spite of the 
fact that AA’ith roughage the diluent does not pass beyond the alimentaiy tract, 
AA’hile AA’ith AA’ater both absorption and urinaiy excretion of the AA’ater are con- 
cerned in its disposal. 

Interrelations of food intake and water intake. The experiments described 
beloAv AA’ere designed to reveal the rat’s ingestive responses to a) forcing of con- 
centrated food, b) privation of food for A’arious periods, c) privation of food and 
AA’ater for various periods and d) privation of Avater for A’arious periods. Remark- 
ably reproducible effects are apparent both during the periods of unusual aA’ail- 
ability and subsequent to them. They’ reveal additional features of the rat’s 
regulations of supply. 

Excesses of food. In a Icaa- experiments food A\’as forced upon the rat by’ 
stomach tube. The most concentrated food that AA’as used had 38 grams of 
milk solids in 100 ml. of food. lATien 90% of the control daily’ nutrient intake 
AA’as forced upon 5 rats by stomach tube in tAvo portions during one day, other 
food AA’as practically refused for the remainder of the 24-hour period. On the 
tAA’O subsequent days, 73 and 84% of the control intake AA’as taken respectively’. 

The same refusal to eat occurred after forced intake folloAA’ing a day of food 
privation. The administration Bf food by stomach tube inhibited the eating, 
AA’hereas AA’ater similarly administered did not affect food consumption. 

Administration of foods by intraperitoneal injections AA’as not satisfactory’. 
Concentrated solution of glucose and of protein digests AA’ere tolerated only in 
smaU amounts, and continuous Aoaa’s of nutrient solutions Avould haA’e been 
necessary if the number of injections AA’as to be reduced to a reasonable standard. 
NeA’ertheless, injected nutrients reduced the voluntary’ intake of food by mouth. 

The chief conclusion to be draAA'n at present from the forced-feeding tests is 
that the intake of food does not depend upon hoAV much has passed through 
the mouth. Introduction through a stomach tube or by’ intraperitoneal injec- 
tion inhibits a corresponding amount of voluntary’ ingestion. Plethora inhibits 
eating for many’ hours, cA’en AA’hen the alimentary’ tract has not been concei'ned 
in the creation of the plethora. 
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Privation of food. Before the question can be answered as to what guides the 
rat’s intake of food, the sequelae of food privation must be ascertained. Two 
kinds of privation were imposed on rats, partial or entire. When half as much 
food was allowed for one da}-- as the 10 rats ordinarily ate ad libitum, the sub- 
sequent daily food intake was within 5% of the usual (fig. 9). The same was 



Ttme In 

Fig. 9. Food intake was limited to half the voluntary intake in 10 rats for 1 day, and in 2 
rats for2 days. Then both food (T) and water fW) were allowed ad libitum. Mean intakes 
and standard errors are indicated at the end of each 24-hour period. 

Fig. 10. Body weights and ad libitum intakes of food (dash lines) and water (solid lines) 
in rats deprived of all food and water for 1, 2, 4 or 6 daj^s. 

Fig. 11. Daily exchanges of total substance (solids and water) in 4 days of total privation 
of both food and water and 3 days of recovery upon a regime of unlimited food and water. 
Mean of 7 rats. 

Fig. 12. Body weights and daily intakes in 3 rats which, starting on day 7, for 23 days were 
allowed half their initial daily intakes of water. Straight broken lines indicate expected 
values that might have intervened if water intake had not been restricted. 

true after food, but not water, was entirely withdrawn for one day (11 rats). 
Hence there was no indication that the food deficit created on one day was com- 
pensated subsequently. Actually the body weight was regained in both experi- 
ments without extra intake, solely by the expedient of smaller expenditures. In 
2 rats (fig. 9) the partial food limitation was prolonged to 2da3"s; again the sub- 
sequent food intake was the same as before privation, yet bodj" weight was full 3 '' 
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regained. Prolongation of complete food privation to 6 days made no difference 
in subsequent intake; after prolongation to 7 days the rats failed to eat much 
and died from delayed effects of the inanition. 

Limitation of food intake that was voluntary, as a result of low proportion 
of nutrients in the cellulose-rich mixtures described above, also resulted in httle 
extra food intake when concentrated food was subsequently made available. 
Evidently the marked deficits of nutrient intakes consistently aroused no com- 
pensatory intakes of significant extra amounts of straight food. 

Rather similar results prevailed when water as well as food was denied (fig. 10), 
but differing in certain details. After this total privation for only one day, 
40% extra food was taken as compared with the control period. No greater 
excess of food was taken after total privation of any longer duration. The 
intake of 40% extra food differs by a significant amount from the intake after 
one day’s privation of food only, as indicated in the previous paragraph. 

From the changes of body weight each day and from the measured intakes, 
one can compute the total losses (fig. 11). During 4 days of total privation, the 
losses were greatly reduced. By continuing the reduced rates of loss for one 
subsequent day upon which full intake was resumed, rats secured nearly all 
the recovery from inanition that ever occurred. A food deficit was never paid 
off bj'^ subsequent over-consumption. 

We conclude that previous privation of food is httle or no stimulus to eating. 
If we call the rat’s state one of hunger, then over a 24-hour period hunger does 
not much augment the animal’s intake of food. Though the body be deficient 
in weight, that weight is restored only slowly through the device of utilizing new 
food more economically. 

Another aspect of this economy was illustrated by Forbes et al. (11) who 
measured the exj^gen consumption of rats that were ingesting food at 0, |, |, 

> and 1 of their usual voluntary intake. Those on half food almost succeeded 
in maintaining themselves in energy, for they utilized a larger percentage of 
the food eaten and expended only 27% more energy than they ate. Those on | 
food expended only 2% more energy than they ingested. Those on full diet used 
most of the additional utilizable food in extra combustions. Hence a rat has 
a large margin of dispensable metabolism below what it ordinarily employs upon 
an ad libitum diet. 

Great generalizations cannot be made about the response among species to 
previous privation of food. In caged dogs the intake was augmented during 
recovery so that little or no deficiencj'' of intake remained (12, p. 324). Instead 
the food debt was fully paid off. In rabbits an intermediate situation prevailed 
(13); in recovery they resembled rats more than dogs. 

Water availability. "WTien water was denied rats, the amount of food ingested 
vas p-eatly reduced. The denial was either partial or total. 

In one experiment 3 rats were kept for 23 days upon half of their original ad 
libitum water intake (fig. 12). A new and lower rate of food intake was then 
set by them, amounting to 75% of the original. Bodj’^ weight was lost in the 
first week, but thereafter was slowly regained. Upon restoration of water in- 
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take ad libitum, the food intake as well as the water intake was markedly in- 
creased for 5 days, the food ingestion upon the second day attaining 143% of 
the original ad libitum rate. But whereas 88 gi-ams of food were missed by each 
rat during the period of limitation, only 10 grams extra were eaten subsequently, 
which was less than one control day’s intake. Similarly only 23% of the 
missed water was taken in excess during the recovery. After the water hmi- 
tation the rats approached but did not attain the meanwhile augmented body 
weights of control individuals. 

More severe self-denial of food was reported by Asher and Hodes (14) in young 
rats given only one-fourth or one-eight of the usual water intake. Then results 
and ours are in accord. 

A^rhen entirely deprived of water, the food intake diminished progvessively 
(fig. 13). After the third day it was less than one-tenth of the original. This 



Fig. 13. Ad libitum intakes of food (dash lines) and water (solid lines) in rats deprived 
of all water for 1, 2, 4 or 6 days. 

Fig. 14. Relation of change in body weight to intake of nutrients by rats. The data are 
derived from figure 2. Intake was limited by direct partial demal of food in only one of the 
four series. Water was always available ad libitum. 

self-denial of food effectively conserved body water, of course. When water was 
again furnished, only a small excess of water was ingested. This over-all limita- 
tion of water ingestion is comparable to the voluntary dehydration that we have 
described in man. By it the rat economizes in its water requirement. In con- 
trast, a dog economizes veiy little, since it subsequently drinks most of what it 
has missed (15) ; and a man does not economize appreciably in his over-all con- 
sumption. To some extent these species differences are related to food intakes 
during water privation and to body sizes. 

When water was given to rats after water privation, moderate excesses of food 
were eaten; but few exceeded by 40% their original food intakes, and none com- 
pensated for all the food self-denied. Water privation thus led to reduced intake 
of food.^ This food reduction may be responsible for the moderate amounts of 
overeating in the recover}'- period when water was again available in unhmited 
quantities. Yet, curiously, water privation led to subsequent overeating with 
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much greater certainty than did food privation per se. It is particularly difiBcult 
to emphasize any one accompanying difference, since privation of either food or 
water led to self-denial of the other. Partial privation of food led to no over- 
eating during recovery, yet the partial self-denial of food that accompanied total 
privation of water did. 

Self-denial of food in proportion to the allowed water intake was reciprocated 
when limitation of food intake was imposed. Both situations illustrate the 
tendency of intakes to be relative to one another. The animal’s urges to eat and 
to drink result in an approximate preservation of proportions in its bodily con- 
tents. Only when intakes are not limited by the experimenter does inherent 
volume control express itself. The tendency to proportionality among intakes 
is also widely found when other constituents of the diet, such as an amino acid 
or a vitamin, are unavailable; the consumption of all other food items is propor- 
tionately self-denied. 

Excesses of water intake led to no extra intake of food (fig. 7), even in mix- 
tures of the two in which it would be easy for the rat to ingest extra nutrient in 
the form of the mixture. Numerous further experiments were done in which 
water was forced upon the rats, either by stomach tube or by intraperitoneal 
injection. In those experiments the intake of food over periods of 24 hours was 
not modified. Of course, in them the excessive water was eliminated by diuresis 
lasting about 4 hours, leaving 20 hours of the period free of its influence. In 
contrast to the forcing of food by stomach tube, which inhibited eating for many 
hours, the forcing of water by stomach tube did not interrupt the periodic in- 
gestion of food. 

Comment. Food acceptance and the urge to eat in rats are found to have 
relatively little to do with a ‘local condition of the gastrointestinal canal,’ little 
to do with the ‘organs of taste,’ and very much to do with quantitative deficien- 
cies of currently metabolized materials. It would be satisfying to know how 
these deficiencies act in the neuromuscular system that carries out the ingestion. 
At present there is no sure knowledge of particular sensory areas or afferent path- 
ways. It may be remembered that all kinds of animals have urges to eat, but 
few have any one pattern of stnictures. 

Evidentlj’’ the urges to eat form a system of reciprocal relationships among 
manj'’ functions of tissues and organism. Each urge is a resultant of factors 
whose study, one at a time, is but the beginning of an adequate description. 
Yet the urges are sufiiciently fixed so that the variability of ordinary" food intake 
( ± 10% among daily periods) is one of the smallest of physiological variabilities, 
and so that every rat regularly maintains its body weight or increases it slightly 
each day. Further, the rat returns to its standard intake after each denial of 
food. The facility and precision with which the organism balances its intake 
and its output are widety assumed; the assumption needs anatytical investigation. 

No one characteristic of food guides the rat’s intake of it. The investigator 
gains the feeling that some complex of internal compositions intermittently drives 
the animal to eat so that some resultant concentration or stimulus is kept just 
above or below a threshold value. The intake of nutrients may be decreased 
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by modifying circumstance's, but tlie intake of non-nutrients alone can be in- 
creased by changing the composition of the food. 

The experiments show how an animal solves several dilemmas that affect the 
maintenance of its body. In acquiring food, the rat was forced to accept too 
much roughage or too much water. According to the pattern that was found in 
these experiments, the rat accepted too much water with little reduction in its 
caloric intake, until only 2% of its intake was solids and 98% of its intake was 
water. Thereafter, the weak mixture appeared to furnish diminishing returns 
from its intake. 

"ViTien cellulose or kaolin diluted the food, the dilemma was solved by a com- 
promise of a different order. The animal ingested more bulk but stopped before 
it had ingested a full quota of nutrients. The limited ability to handle roughage 
in the alimentary tract then became a factor in the animal’s urges to eat. 

The daily increment of body weight was uniformlj'' related to the potential 
energj'- of the food ingested, whether the ingestion was limited by partial priva- 
tion of nutrients of by offering ad libitum the prepared mixtures of food with 
cellulQse, kaolin or water (fig. 14) . The several compromises among physiological 
components can be expressed as ratios of the excessive intake to the deficient 
bodily constitution; but none of the other factors studied here actually yield 
constant ratios. 

Ordinarily the urge to eat appears to be governed to a large extent in accord- 
ance with the potential energy of adequate food. This fact was shoivn in the 
comparison of two concentrated foods of unequal bulk, and in the inhibition of 
eating when the food had been introduced by a route other than the mouth. 
But when the animal had been deprived of food either partially or entirely, 
almost nothing was done to pay back the deficit of food that had been contracted. 
In the rat (but not in some other species), no prolonged urge to eat resulted from 
the previous privation. A new sort of adjustment was then manifested, an 
adjustment between intake and output. Body weight was largely recovered by 
diminishing the outputs of substance instead of by increasing the intakes. No 
one had guessed that this dilemma would be solved bj’" such a method. Physical 
activities were correspondingly reduced, conserving energy. 

The ingestion of water that is forced upon the rat by mixing milk with Avater 
furnishes a simple technique for securing steady ingestion and excretion. Anti- 
diuretics may be assayed in such rats. Correspondingly, antiposics (agents 
that inhibit water-drinking) may be identified and assayed in such animals. 

The water intake was greatly modified by food intake. Intake of dry nutrients 
was reduced by two procedures, by diluting the nutrients with kaolin and by 
limitation of amount of food. In both, the ad libitum intake of water ivas cor- 
respondingly reduced; it bore approximately the same quantitative relation to 
potential energj^ of the food that Avas found in the rats of Strominger (16, fig. 3) 
AA'hich AA^ere given artificially limited alloAA'ances of food. 

The rat AA^ould ingest much extra AA^ater in obtaining its daily quota of food; 
but it did not ingest excesses of dry food as a means of obtaining the AA^ater that 
A\-as in it or potentially obtainable by oxidation of it. The physiologist knoAA’s 
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that excess of food would dehydrate the rat still further, for water is extracted 
from tissues by the metabolic products of the food that become available for 
excretion. The rat Awthout that Imowledge still has a pattern of appetites that 
seems appropriate in the light of the knowledge. 

Most dietaiy experiments imply the assumption that the animal consumes as 
much of the available food mixture as will improve the animal’s nutritive status. 
Trust is placed in paired feeding as the sole control procedure. ' The experimenter 
has no information as to whether or not forced feeding would change the status 
in one direction or another. The urges to eat must, therefore, be distinguished 
from the abilities to utilize the' nutrients; each requires its own investigation, as 
is well recognized in studies of human food acceptance. 

It seems evident that the regulation of food intake is under many influences. 
While it receives precedence over many activities of the rat, yet it is also inhibited 
by some. While intake looks like a simple problem in alimentation when the 
animal is kept in a sufficiently simplified situation, the animal has a full pattern 
of priorities and compromises that also solves situations of great complexity. All 
animals that have been studied, those wdthout alimentarj’' tracts as well as those 
wliich have, recognize food, spurn food when it is superabundant, and put forth 
extra efforts to get it when it is rare. Hence, whatever be the machinery that 
may fix the pattern of priorities in rats, comparable patterns seem to be endow- 
ments of all animals, whether or not they possess specialized neuromuscular or 
alimentary systems. 


SUMMARY 

1. Albino rats were furnished food that was mixed with some proportion of 
cellulose, kaolin or water. In most mixtures the total bulk eaten exceeded con- 
siderably the bulk of concentrated food consumed in control periods. The 
quantity of utilizable nutrients ingested did not exceed that in control periods. 

2. In this manner rats were regularly induced to ingest roughages to the 
mean extent of 8% of their body weights per day, and water up to 125% per 
day. In the presence of roughages, a compromise was effected between an ex- 
cessive amount of alimentaiy fill and a diminished amount of nutrients that 
depended upon the mixture available. In the presence of water, the upper limit 
to ingestion was probabty not fixed by the maximal rate at which water could 
be excreted through the kidneys. 

3. A variety of flavorings and nutrients in small concentrations did not induce 
rats to consume greater amounts of roughages. 

4. The relations between food intake and water intake were also investigated 
by limiting the available amounts of one or the other. The intake of the un- 
limited item (food or water) was regularly reduced but not so greatly as that of 
the limited item. 

5. After complete privation either of food or of water or of both for 1 to 6 da 3 ’’S, 
body weight was subsequently slowly restored with the consumption of very 
small excesses. Deficits of intake were not paid off ; instead, the outputs were 
reduced for a day or two. Recover5’' itself Avas also compromised in such a 
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maimer that animals temporarity deprived did not catch up to the body weights 
of those not deprived. 

6. Patterns of ingestion and excretion were manifested that showed the co- 
ordinations among the several factors of turnover. Not only was water ingestion 
tempered to excretoiy capacities, but also water ingestion to food ingestion, and 
food ingestion to absorptive and roughage-handling capacities. These patterns 
are items in a large complex of regulatory activities concerned in bodily main- 
tenance. 
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In previous reports the effect of various steroids on the organ weights (1, 2) 
the arginase activity (3, 4) and the ‘alkaline’ and ‘acid’ phosphatases (5, 6) of 
the kidney of the mouse have been reported. These studies now have been 
extended to the available naturally occurring estrogens. 

Procedure. Male mice were castrated at 16.5 to 19.0 grams body weight; 
one month later pellets of the various estrogens^ were implanted subcutaneously 
(1, 2). Mice of the Murray-Little dba® strain were used for the studies at the 
higher dose level but they were not available for the experiments at the loAver 
dose. The Swiss strain of mice from our bacteriology department’s colonj’" was 
found to respond to steroid stimulation in a manner similar to that of the dba 
strain. Therefore, they were used to complete this project. 

The food, Rockland Rat diet, was removed from the animal cages on the 29th 
day after implantation of the pellets and the mice were killed bj’’ decapitation on 
the 30th day. The organs were removed and weighed on a Roller-Smith torsion 
balance. A 2-mm. section was cut transversely through the middle of one of 
the kidneys and placed in cold redistilled acetone for the histochemical deter- 
mination'* of the ‘alkaline’ phosphatase (7). The remainder of the kidnej’^s and 
the liver were homogenized, and the arginase and the ‘alkaline’ and ‘acid’ phos- 
phatase activities were determined as previous^ described (3-6) . 

Results. Rate of absorption of the estrogens. The most soluble estrogen Avas 
the benzoate of estradiol. The pellet of this material lost its cohesiveness and 
at recovery crumbled at the slightest pressure. In one instance (cf. table 1), 
the pellet had crumbled during the course of the experiment and the material 
was completely absorbed. The dipropionate of a-estradiol, on the other hand, 
maintained its cohesiveness and Avas only slightly less soluble than the unester- 
ified estrogen. Estriol AA'^as as soluble as a-estradiol dipropionate. Equiline 
and estrone AA^ere approximately equally soluble at a rate slightly less than that 
of estriol. 

Mixture of the estrogens Avith cholesterol in a ratio of 1 :3 decreased the rate 
of absorption 300- to 400-fold. 

* This investigation Avas aided by the Josiah Macy, Jr., Foundation. 

* The estriol was provided by Dr. D. McGinty of Parke, Davis and Co. and the other 
estrogens by Dr. E. Oppenheimer of Ciba Pharmaceutical Products, Inc. 

’ These miceAvere provided by Dr. S. G. Warner of the Biological Station, Springville, 
New York. 

* Charles Luttrell assisted in these determinations. 
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Body weight. The mice implanted with pellets of pure estrogens gained less 
than their controls and in most instances lost weight. The losses probably 
were even greater than indicated (table 1) because the urinary bladders of these 
mice were found at autopsy to be distended with urine. The one mouse whose 
pellet of estradiol benzoate was crushed during the course of the experiment 
showed the most marked decrease in body weight. 


Table 1. The effect of estrogens on the body and organ weights of castrated male mice 




PEtLETS' 


BODY WEIGHT 

% CHANGE HtOlt CONTEOtS 

TREATMENT 

MICE 

ABSORBED 

Grams 

Change*! 

Sem. ves. 

1 + pros 

Kidneys 

Thymus 

Control (dba) 

5 

(1) 

— 


m 

t (9)= 

(284) 

(35) 

Control (Swiss) 

11 

(1+3) 

— 


IS 

(9) 

(228) 

(43) 

Estrone 

4 

1 


21 7 

0.0 

+167 

+2 

-69 

Estrone 

5 

1+3 


26.1 

1 

2.3 

+278 

+13 


Equiline 

4 

^ 1 


m 

1 

-0.3 

+156 

-4 

-52 

Equiline 

5 

1+3 



2.6 

1 

+222 

+12 


Estriol 

4 

1 


19.9 

-2.0 

+144 

-14 

-77 

Estriol 

5 

1+3 


26.6 

2.3 

+267 

+9 

-58 

a-Estradiol'' 

6 

1 

2.6 

20.0 

0.1 

+54 

+15 

-70 

a-Estradio+ 

5 

1+3 


23.3 

2.1 ‘ 

+278 

+16 

-75 

a-Estradiol benzoate 

3 

1 

6.4 

20.3 j 

-2.0 

+89 

+4 


a-Estradiol benzoate 

1 

1® 

13 2 

17.0 

-4.3 

+78 

-24 ' 


a-Estradiol dipropionate 
of-EstradioI dipropionate 

4 

1 

1.9 

20.1 

-0.7 

+122 

-3 

-77 


' The 1+3 designation in this column indicates the estrogen: cholesterol composition of 
the pellet. 

2 The change in grams body weight during the 30-day e.\perimental period. 

^ The figures in parentheses are in milligrams. 

These values are taken from a previous report (1). 

= The pellet of this mouse mumbled during the experiment and was completely absorbed. 

The mice which received the lower dose of estrogens all gained in body Aveight 
and did not show any unusual distention of the urinaiy bladder at autopsy 
except those mice which received the a-estradiol. 

Organ loeighls. The seminal vesicles and prostates were increased somewhat 
more by the very small than the large dose of the estrogens. The kidneys Avere 
not notably increased in Aveight by any of the estrogens. There Avere evidences 
of small increases after treatment Avith a-estradiol at both dose levels. The 
other estrogens, hoAvever, had no effect at either the high- or loAA'-dose levels. 
There Avas, moreover, a marked decrease in the kidney size of the mouse AA'hich 
receiA'ed the large dose of a-estradiol benzoate. This is probably a reflection 
of the poor nutritive state of the animal (cf. table 2) as a result of the excessive 
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dosage of the estrogen. The thymus was markedly decreased by all of the estro- 
gens. The lower dose was as effective as the higher dose. 

Enzymes. The enzyme activities of the tissues of both the dba and the Swiss 
white mice controls were approximately the same (table 2). 

All of the estrogens produced a marked but not very great increase in the 
arginase activity of the kidney. This increase was roughly the same for all of 
the estrogens. The higher dose of estrogen did not produce a further increase. 
Indeed, it may have produced a smaller lesponse, e.g., equiline. All of the estro- 
gens except a-estradiol produced a small but questionable increase in the arginase 
activity of the liver. 


Table 2. The effect of estrogens on the arginase activity of the kidney and liver of castrated 

male mice 


% 

TaEATltENT 

MICE 

ESTROGEN 

ABSORBED 

KIDNEY 

LIVER 

Mgm. 

Arginase 

Mgm 

Arginase 





%' 


%■ 

Control (dba) 

4 

— 

284 

(42)= 

980 

(16500)= 

Conti ol (Swiss) 

11 

— 

228 

00 

840 

'(15900)= 

Estrone 

4 

1.05 

291 

-f64 

1000 

+20 

Estrone 

5 

0.03 

265 

4-63 

1100 

+30 

Equiline 

4 

1.20 

272 

-f38 

972 

+6 

Equiline 

5 

0.05 

263 

-fl04 

1070 

+31 

Estriol 

4 

1.90 

262 

-f45 

1101 

+12 

Estriol 

1 

5 

0.07 

254 

-f69 

1198 

+36 

a-Estradiol 

6 

2.6 

316 

+88 


— 

a-Estradiol I 

S 

0 06 

258 

1 

+100 

921 

+18 

a-Estradiol benzoate 

3 

6.4 

295 

+67 

1136 

+40 

a-Estradiol benzoate 

1 

13.2 

215 

+222 

776 

+38 

a-Estradiol dipropionate 

4 

1 9 

275 

+69 

1017 

+43 


* Per cent change from the respective castrated controls. The dba mice were used at the 
high-dose and the Swiss mice at the low-dose levels. 

- These values are in units per gram. 


The ‘alkaline’ and ‘acid’ phosphatases of both the liver and kidney were not 
altered after estrogen administration. The differences were never greater than 
plus or minus 15% from that of the respective control values. Furthermore, 
the histochemical study of the ‘alkaline’ phosphatase of the kidney did not reveal 
anjdihing worthy of note. 

Discussion. It is of interest that esterification of estradiol does not produce 
a marked decrease in the rate of absorption of this material since esters of the 
androgens are much less soluble (8, 1). Indeed, the benzoylation of a-estradiol 
increased the solubility. It is of further interest that in contrast to the androgens 
the diol of the estrogens, a-estradiol, is more soluble than the 3-hydroxy-17- 
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ketone compound, estrone. These differences between the two types of steroids 
are due probably to the different nature of the A ring of the molecules. 

The effect of the high dosage of the estrogens on the body weight and urinary 
bladder was expected. These effects have been noted by many investigators. 
The effect of the estrogens on the seminal vesicles and prostates also is well 
knovm. It is of interest that the esti-ogens were equally effective at the high- 
and low-dose levels. The appearance and ‘feel’ of the seminal vesicles indicated 
that the grovdh was not similar to that observed after androgen treatment. 
It is noteworthy that the amount of estrogen necessary to bring about this 
change is extremely small and that it occurs even though the animal is losing 
considerable body weight as a result of over dosage with subsequent under- 
nutrition. The kidneys, in contrast to the accessoiy sex organs, not only are 
not stimulated to increase in size b 3 '’ the estrogens but actually decrease when the 
dose of the estrogen is such as to cause a decrease in body weight (cf. Table 2). 

It is remarkable that the arginase of the kidney increases vdthout any com- 
parable increase in kidney size. In the case of the androgens the enzyme is 
not increased until the kidney size has been restored to and above normal. 
Furthermore, an increase in the amount of estrogen administered does not pro- 
duce a further increase in arginase activity as in the case with the androgens (4). 
The persistent but small increase in the arginase activity of the liver is not 
remarkable (cf. table 2). 

The failure to find any marked changes in the phosphatases of the kidney indi- 
cates that these enzymes are not associated with the well-known formation of 
kidney stones after estrogen overdosage. 

SUMMARY 

Male mice castrated at 16.0 to 19.5 grams body weight were implanted sub- 
cutaneously with a pellet of pure estrone, equiline, estriol, a-estradiol, a-estradiol 
benzoate and a-estradiol dipropionate. The first four estrogens also were im- 
planted as pellets consisting of one part of estrogen and three parts of cholesterol. 
After 30 days the mice were autopsied. The addition of cholesterol to the estro- 
gens decreased the rate of absorption about 300- to 400-fold. The estrogens 
increased the body weight at the lower dose but inhibited or decreased it at the 
higher dose. The kidneys were not or only slightly increased in size. The 
thymus was decreased and the seminal vesicles and prostates were increased 
about the same by both doses of estrogens. The arginase activity of the kidney 
was increased equally by both dose levels. The arginase activity of the liver 
was not remarkably increased. 
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It is generally kno^\^l that some plants, such as cabbage (1), so 3 ’’beans (2) and 
Brassica or rape seeds (3), contain substances which produce hypothyroidism by 
blocking the formation of thyroxine. The thyroid then becomes hyperplastic 
because of the increased pituitarj'- secretion of thja’otropic hormone (4). • 

Recent^ several synthetic goitrogens, especially thiourea and thiouracil, 
attracted wide attention because of their potentialities in medicine for depressing 
overactive thyroids (5) and in agriculture for reducing the maintenance cost and 
thereby increasing the economy of the last stages of fattening (6). Several cate- 
gories of goitrogens are discussed in the literature, including cyanides (in cabbage 
and so 3 '^beans) ; thiourea derivatives (in Brassica or rape seeds) ; sulfonilamides 
(7) ; as well as azides, sulfides, carbon monoxide, arsenic etc., which interfere with 
oxidoreduction systems, such as the cytochrome C3’-tochrome-oxidase system. 
This suggested the theoiy (8) that some goitrogens are antioxygenic, perhaps 
interfering with the oxidation of iodide ion to elementaiy iodine, the form in 
which it apparent^’- enters the thyroxine (9). Astwood (10) postulated that 
derivatives of thiourea, amiuobenzene and sulfonamides possess similar goitro- 
genic properties because of their structural similarit 3 ’’ to t 3 ’’rosine, which therefore 
compete, in vitamin anti-vitamin fashion, with diiodot 3 U-osine for the enz 3 ’-me 
S 3 ’’stem concerned in its conversion to tl^u’oxine. 

Thiouracil and basal melabolism. Thiouracil is current^" the most popular 
th 3 U’oid-depressing drug because, unlike thiourea, for example, it is destroyed b 3 ’’ 
most body tissues (except bone marrow) and is therefore less toxic (11). Since 
the metabolic rate is the best index of th 3 ’’roid activit 3 '’, it was thought instructive 
to map the time relations of its decline by measuring the rate of oxygen con- 
sumption following the beginning of feeding thiouracil and its rise following the 
cessation of thiouracil feeding. 

The data were obtained on 150- to 200-gram male rats at 26°C. fed a stock diet 
containing 0.1% thiouracil. Adding thiouracil to the feed reduced its con- 
sumption by about 10% of the normal level, so that each animal consumed 22 to 
25 milligrams thiouracil per da 5 ’' in contrast to the customaiy daily dosage of 0.6 
grams for man. The oxygen consumption was measured in an '8-chamber 
Regnault-Reiset-Kleiber t 3 pe of apparatus (12). 

The ox 5 ’-gen consumption decreased to 60% of the normal level b 3 ’- the 17th 
da 3 ’' of thiouracil feeding, and returned to the original, normal, level 18 da 3 ''S (in 
contrast to about 35 days in man) after stopping its feeding (fig. 1). The effect 

^ India Government scholar. 
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of feeding thiouracil at the given level on the basal metabolism is evidently similar 
to that of surgical thyroidectomy. 

Thiouracil and specific dynamic action (SDA). As thyroxine is perhaps the 
most powerful metabolic accelerator in the bod 3 ’', considerable attention has been 
paid to its influence on SDA but with indifferent and contradictory results (13). 

A comparison was, therefore, made of the SDA of three amino acids when fed 
to normal and to thiouracil-fed rats. The amino acids were administered as 
sodium salts by stomach tube after the rats fasted about 1 2 hours. The resulting 



Fig. 1. Time course of metabolic decline in rats on a diet containing 0.1% thiouracil, and 
metabolic recovery following cessation of feeding thiouracil. Each rat consumed 22 to 25 
mgra. thiouracil per day. 



Fig. 2. Relative effects of thiouracil on the specific dynamic action of glycine, glutamic 
acid and tyrosine administered after a 12-hour fast. 

data are shown in figure 2; each point represents the average of 8 male rats, 150 
to 200 grams in weight. 

The metabolic level in the thiouracil-fed rats is seen, in figure 2, to be relative^’- 
depressed and the time relations delayed for glycine and glutamic acid. This 
delay may be due to three causes; thiouracil was observed bj"^ some investigators 
(personal communication) to damage the gastrointestinal mucosa and to delay 
absorption; thyroidectomy is known to reduce the absorption rate of carbo- 
hj'-drate and, therefore, perhaps of amino acids; protein tends to be stored under 
the skin in hj'-pothyroid animals, and stored protein is without SDA. 

The SDA of glycine and glutamic acid was definitely delayed and depressed by 
thiouracil feeding, but not of tyrosine (right curve in fig. 2), at least not to a 
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statistical!}'- significant extent (15). This may, perhaps, be explained by assum- 
ing that the SDA of tyrosine is so low in normal animals that thiouracil feeding 
cannot lower it further; and that the SDA of tyrosine is low in normal animals 
because of its chemical similarity to thyroxine with which it, therefore, probably 
competes and tends to displace, Avith consequent reduction of heat production 
(SDA). This explanation of displacement of th 3 ’'roxine by tyrosine is substan- 
tiated by Woolley’s report (14) that the metabolic effect of thyroxine can be 
reduced by administering tyrosine derh’-atives. 

To test this hypothesis of competition between tyrosine and throxine, rats were 
fed diets containing 0.1% thiouracil for thyroxine depletion. They were then 
injected with 5 meg. thyroxine per 100-gram rat weight, and half of these animals 
were fed a diet to Avhich AA'as added 10% t3’-rosine. The th 3 ’^roids of the tyrosine- 
fed rats were 12% heavier than those not receiving the tyrosine, and this differ- 
ence in thyroid weight is statistically significant (15), indicating that tyrosine, 
like thiouracil, enlarges the thyroid gland or induces hypothyroidism probabl}’’ 
because tyrosine competes Avith th 3 ’-roxine in the tissues. 

The aboA’-e anatomical obsen'-ation that tyrosine feeding enlarges the th 3 ’-roid 
Avas substantiated metabolicall}’- by feeding rats 10% t3’-rosine and injecting them 
Avith 100 meg. thyroxine per 100-gram body AA'eight and measuring the metabo- 
lism. The metabolism (during a 7-day period) increased to a smaller extent in 
the tyrosine-fed than in the control animals (15) probabl}’- because the tyrosine 
neutralized or displaced some of the th 3 ’-roxine. 

SUMMAEY 

1. A chart is presented shoAving the daily decline in the metabolic rate (oxygen 
consumption) of rats AA’ith time of feeding thiouracil and the recovery therefrom 
after cessation of thiouracil feeding. The loA\'est metabolic level of 40% below 
the normal Avas attained 17 days after placement on the diet. On removing the 
thiouracil from the diet the metabolic rate returned to normal in 18 days. 

2. Rats on the thiouracil diet shoAA'ed a depressed and delayed specific d 3 '-namic 
action for glycine and glutamic acid, but not for tyrosine, thus substantiating the 
theor}"- that tyrosine competes AA’ith and tends to displace th3'-roxme from the 
actwe centers of tissue cells. 
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The long gestation period of guinea-pigs allows for unusual intrauterine grotvth 
of the embryos and at full term the jmung are much larger than the pelvic out- 
let. In order that birth may occur the bones of the pubic symphysis separate 
a half -inch or more at the time of parturition (1). That this relaxation of the 
pelvic ligaments is the result of hormone control was first shown bj”^ the use of 
pregnant rabbit serum (2); later a more specific substance was obtained by 
Hisaw to which he gave the name of relaxin (3) and, more recently, the details 
of the properties of relaxin and a review of the later literature were published (4). 

Since progesterone will relax the pubic ligaments of guinea-pigs it was of 
interest to find that desoxycorticosterone acetate acted in this respect like pro- 
gesterone (5). In the process of collecting these data it was observed that some 
of the guinea-pigs showed very little relaxation of the pelvis while others given 
identical treatment showed marked pelvic relaxation. This led to an attempt 
to increase the extent of pelvic relaxation by the use of a vasodilator substance. 
The prostigmine test for pregnancy (6) always seemed to be a bizarre reaction, 
and since the uterus may be involved in relaxation of the pubic ligaments (4) 
it was decided to try to find out more about prostigmine by studies on the pelvis 
of guinea-pigs. To our surprise it was found that within a day or two after 
prostigmine was injected the pelvis of the guinea-pig could be shaken more 
freely than ever obseiwed when relaxation was induced bj'^ progesterone. 

Methods. These preliminary observations led to the present study. A 
total of 48 guinea-pigs were used and in many of them repeated tests were made. 
They were aU young animals and some of them weighed as little as 250 grams. 
Bilateral oophorectomy preceded the tests unless otherwise stated. The estro- 
gens^ were given subcutaneously (theelin in aqueous suspension and stilbestrol 
in oil) for a period of one to a few days and over a range of doses. A few days 
later prostigmine- was given subcutaneously twice daity in the amount of 0.05 
mgm. in 0.5 cc. of saline solution. Usually prostigmine was not continued 
longer than one day, but in some cases it was repeated several days in succession. 
The pelvis was examined manually as previously described (5) and the degree 
of relaxation estimated at 8, 18, and 24 hours, and daily thereafter for several 
days. X-ray examination was also employed and in some animals fluoroscopic 
views were observed. 

* Research paper No. 845, Journal Series, University of Arkansas. 

* The estrogens in the form of theelin and stilbestrol were generously supplied by Dr. 
O. Kamm, Parke Davis & Co., and Dr. Erwin Schwenk, Schering Corporation. 

= Prostigmine was kindly supplied by Dr, E. L. Sevringhaus, Hoffman-LaRoche, Inc. 
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Observations and results. In experiments of this kind, where the measur- 
ing stick is the operator’s judgment of pelvic relaxation as determined by palpa 
tion, the sjunbols used to express the results are at best only estimates. Never- 



3 4 

Fig. 1. Theelin, 0.5 mgm., injected daily for 4 days; rest period 2 days; prostigmine, 0.1 
mgm., given at one injection. X-ray taken 7 hours later. Fig. 2. Stilbestrol, 0.1 mgm., 
injected daily for 4 days; prostigmine, 0.1 mgm., injected daily for 2 days. X-ray taken 3 
days later and at mavimum relaxation. Fig. 3. Theelin, 0.5 mgm., injected daily for 4 
days. X-ray taken on 5th day. No pelvic relaxation. The separation between the pubic 
bones V as filled solidly with fibrous tissue. Fig. 4. Guinea-pig as shown in fig. 3 continued; 
rest period on 5th and 6th days. Prostigmine, 0.1 mgm., on 6th day. X-ray on 8th day. 

We are indebted to the Staff of the X-ray Department for the roentgenograms. 

theless it seemed of some value to list our readings from 1 to 4+, and the data 
are so arranged in table 1. X-ray studies have confirmed these results (fig. 1-4). 

It will be noted from table 1 that estrogens were given in a wide range of dos- 
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age. This seems to be unncessary since guinea-pigs receiving small amounts 
(0.5 mgm. or less) apparently had the pelvic ligaments properly conditioned for 
the action of prostigmine. It seems likel}’’ that daily injections of estrogens are 
more important than a single injection of a larger amount. We have also con- 
firmed that pelvic relaxation may be induced by estrogens alone if treatment is 
continued for a period of about 20 days (7 and citations by 4). 

Prostigmine in amounts of 0.1 mgm. given as a single injection killed some of 
the guinea-pigs and in two cases 0.05 mgm. was fatal. Relaxation of the pelvis 
can be induced by a single injection of 0.05 mgm. but more consistent results 
were obtained when a second injection followed the first by a few hours giving 
a total of 0.1 mgm. of prostigmine. Relaxation may occur within 8 hours 
(fig. 1) if the pelvis is alread 3 '- slightly loose or maj'- be dela 5 '’ed for as long as 4 
or 5 days. 

The degree of relaxation varied, as shown in table 1, but as a whole the relax- 
ation with prostigmine was more marked and more consistent than had been 


Table 1. Degree of relaxation in the pelvic ligaments, shoivn over an estimated range from 
negative to 4-t-. Figures in parentheses are the numbers of cases observed. T — theelin; 

S — stilbestrol 


NO. OF TESTS 

1 

ESTROGEN 

PROSTIGMINE , 

DEGREE or RELAXATION IN PELVIC LIGAMENTS 


fWi’m, 

mgm. 


10 

0.5 T 

0.1 

(1) (1) +, (2) -1- + , (3) -t-l-l-. (3) P-f-b-b 

28 

1 to 2 T 

0.1 

(2) +, (9) + + , (5) +++, (12) +++ + 

11 

2 S 

0.1 

(3) ++, (3) + + + , (5) ++++ 

20 

None 

0.2 

(18) (2) + 


N^ot Castrated 


22 

None 

0.2 

(5) (9) +, (8) + + 

10 

2 T 

0.1 

(2) ++, (6) +++, (2) ++ + + 


obtained with progesterone or desoxy corticosterone acetate (5). However, we 
have not yet devised a procedure that will produce maximum pelvic relaxation 
in all guinea-pigs. 

Prostigmine given alone will relax the pelvis if the effects of estrone are still 
evident. In our abstract (8) reference was made to this effect of prostigmine. 
Subsequently we have tried giving prostigmine to a group of 3 mung females a 
few da 3 ''s after they Avere oophorectomized and to chronic castrates without 
estrogens and they did not shoAV relaxation of the pelvis. Twent3'^ observations 
are shown in table 1 . Thus it seems evident that relaxation of the pelvis induced 
b 3 '’ prostigmine must be preceded by a conditioning of the structures involved; 
in these experiments this conditioning Avas effected by the action of either theelin 
or stilbestrol. Perhaps the guinea-pig is not unlike the rat, in that a single 
large dose of estrone may give an estogenic response for 2 or 3 AA''eeks folloAving 
the injection (9). During this time inteiwal the pehds of the guinea-pig is respon- 
siA’^e to prostigmine. 

In uncastrated Aurgins (table 1) prostigmine gaA^e almost no effect. These 
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observations may indicate that the ovaries protect the pelvis from the action 
of prostigmine. HoAvever, Avhen such guinea-pigs are primed -with theelin relax- 
ation of the pelvis is quite readilj'- induced by prostigmine and the degree of 
relaxation is of about the same magnitude as that obtained by the same proced- 
ure after oophorectomy. Therefore it would seem that the virgin guinea-pig 
has too little estrogen in the circulation to condition the pelvis for the action of 
prostigmine. 

Six guinea-pigs were oophorectomized and hysterectomized and then injected 
with theelin and prostigmine. Pelvic relaxation was obtained. 

The reports of relaxin (4, 10, 11, 12) seem to place it as the normal relaxing 
agent for the pelvis in pregnancy and perhaps even playing a role in estrus 
although it is not estrogenic (11). We have no evidence that a prostigmine-like 
substance, cholinesterase or acetylcholine play a role in pregnancy. 

Acetylcholine was given to several guinea-pigs as a substitute for prostigmine 
and although some evidence of relaxation of the pelvis was found the results 
were poor and usually negative. Therefore the data available do not warrant 
further consideration of acetylcholine at this time. 

SUJWLVRY 

Forty-eight normal and oophorectomized guinea-pigs were used in studies on 
experimental relaxation of the pelvic ligaments. Relaxation of the pelvic lig- 
aments was induced by long-continued action of either theelin or stilbestrol. 
It was found that theelin and stilbestrol conditioned the pelvic ligaments within 
a few da 3 '’s in such a waj’- that relaxation was readity induced by prostigmine. 
This conditioning effect lasted for as long as three or four weeks after the last 
injection of estrogen. 

Prostigmine given alone to oophorectomized jmung virgin guinea-pigs did not 
induce relaxation of the pelvis. The ovaries do not seem to protect the pelvis 
from the action of prostigmine if the pelvic ligaments have been conditioned by 
the action of estrogens. Pelvic relaxation was obtained after hysterectomy. 
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The ability of living organisms to develop a tolerance to a wide variety of toxic 
substances is well known In the course of some studies involving the repeated 
administration of just sublethal doses of potassium chloride to rats by stomach 
tube, severe toxic symptoms were produced for the first few days. However, it 
was noted that subsequent doses of potassium chloride gradually ceased to elicit 
these symptoms and the animals apparently developed an increased resistance to 
this treament. Allers, Nilson and Kendall (1) have apparent^ made similar 
observations in normal dogs. In view of the gi’eat importance of the potassium 
ion in physiologic processes, the nature of this increased resistance to potassium 
intoxication seemed to warrant further investigation. This study demonstrates 
that a true systemic tolerance to 'the potassium ion can be developed in rats. 
Some of the possible contributing factors to such a tolerance have also been 
investigated. 

Methods. A total of 625 albino rats weighing between 160 and 220 grams 
were used in these experiments. Male rats were used exclusive^, except for the 
40 female rats which seiwed to determine whether there was a sex difference in- 
volved in the development of a tolerance or in the natural resistance to the 
potassium ion. A group of control animals was always tested simultaneously 
with the experimental animals. However, since the day-to-day variation did not 
exceed the variation within the different groups, all animals of the same sex and 
receiving the same type of treatment have been considered as a single group. As 
a result, the statistical -analysis includes the day-to-day as well as the group vari- 
ation. 

All animals were kept on a diet of Purina Dog Chow checkers and tap water. 
Thej'- had access to food and water throughout the experiments. Both control 
and experimental animals were kept in groups of 5 rats to a cage in a constant- 
temperature room (78°F.). 

A no. 8 rubber catheter attached to a 10 cc. hypodermic syringe was used for 
administration of the various salt solutions. This was found to be more satis- 
factory than the rigid tubes sometimes employed. 

Test procedure. Preliminary experiments were carried out to determine the 
frequency of administration and size of dose of the potassium salts required to kill 
all of the control rats at a rate which would demonstrate a measurable difference 
between control and experimental animals. The most satisfactory oral test pro- 
cedure was the administration of 25 cc. of a 1.35 molar solution of the potassium 
salt per kilogram of body weight, four such doses being administered at four-hour 

* Present address: Research Division, Procter and Gamble Co., Cincinnati, Ohio. 
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intervals. The maximal time allowed for any experiment was 16 hours, i.e., 4 
hours after the administration of the fourth dose. The total survival time was 
taken as a final index of tolerance, and the statistical analysis was applied to this 
value. 

With this test procedure, no control animal lived to receive more than 3 doses 
of the potassium solution. The length of survival was measured in minutes from 
the time of administration of the first dose. An animal was not considered dead 
until the heart had stopped beating. 

As would be expected, potassium given intraperitoneally was much more toxic 
than that given orally and the dosage level was extremely critical. A 0.4 molar 
solution of potassium chloride was found to be the most satisfactory con- 
centration for the intraperitoneal test. With the exception of this change in con- 
centration of potassium, the procedure for the intraperitoneal test was identical 
with that for the oral test. 

Adaptation procedure. Rats were adapted to the potassium ion by daily 
administration of 4 doses of 1.35 molar salt solution by stomach tube at 8 a.m., 
12 M., 4 P.M. and 8 p.m. An initial sublethal dose of 10 cc. per kilogram of rat was 
found to be satisfactory. The size of the dose was increased by 5 cc. every 4 days 
until a dose of 25 cc. of potassium solution per kilogram of rat was reached. The 
next day the resistance of adapted animals was compared with that of control 
animals by subjecting both groups to the test procedures previously described. 
This conditioning regimen did not result in any fatahties, nor did it prevent the 
rats from gaining weight at the normal rate. 

Simplification of the procedure by administering the potassium salt solution 
3 times a day at 3-hour inteiwals and increasing the dose every 3 days resulted 
in a few fatalities during the conditioning period. The studies of Norris and 
Elliott (2) on the development of tolerance to arsenic, and of Lihng and Gaunt 
(3) on acquired resistance to water intoxication, suggested that the course 
of adaptation could be followed by observing changes in body temperature. 
However, in our experiments, no change in body temperature during the course 
of adaptation was found. 

Results. Toxicity of potassium salts to normal rats. The relative toxicity of 
various potassium salts administered orally in doses containing equal amounts 
, of the potassium ion is shoum in table 1. It is to be noted that there was no 
significant difference in the toxicity of potassium chloride, potassium acetate, and 
potassium citrate. On the other hand, potassium bicarbonate caused death of 
the animals in a much shorter period, the difference being highly significant (P = 
less than 0.01). This might be expected in view of the fact that potassium 
bicarbonate is an alkalinizing salt, and that K+ and OH“ are usually synergistic 
in their physiological reactions (Heilbrunn, 4; Fenn, 5). 

Although there appeared to be a difference in the natural resistance of the male 
and female controls to the test procedure, this difference is not significant, since 
the P value of Fisher exceeded 0.05. 

Studies on adaptation to the potassium ion. Both the male and the female ani- 
mals (table 1, groups II and IV) adapted to potassium chloride were completely 
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tolerant to the test procedure. All of these animals survived the 4 test doses of 
potassium chloride and all Avere ali^m 24 hours after the test. As seen in table 1, 
the mean total survival time of the male control animals (group I) Avas only 283 
minutes, and that of the female controls (group III) Avas only 258 minutes. None 
of the control animals surviAmd to recehm the fourth test dose of potassium 
chloride. There Avas no difference betAA^een male and female rats in their develop- 
ment of a tolerance to potassium chloride. 

Studies on both male and female rats AA'hich had been adapted by administering 
potassium chloride solution 3 times a day at 3-hour intei'Amls, the dose being in- 
creased every 3 days, gaAm results AA'hich Avere identical Avith those just described. 


Table 1. Toxicity of various potassium salts to ^normaV adapted rats 


GROUP 

NO. 

OF 

RAtS 

ADAPTATION 

(oral) 

TEST 

(oral) 

SURVIVAL 

l5t dose 

2nd dose 

3rd dose 

4th dose 

Total 


m 

jm 

m 

Min.= 


Min.® 

%‘ 

Min.* 

Es* 

I 

II5tf 

None 

1.35M KCl 

218 

S3 

62 

17 

3 

0 



283 

±11.1 

HI 

10 9 

None 

1.35M KCl 

220 

90 

38 

0 





258 

±25.6 

VI 

30d" 

None 

1 .3511 KAc' 

230 

90 

07 

13 

3 

0 



306 

±10 

XXII 

20rf' 

None 

1.35M KCit 

211 

75 

96 

30 

27 

0 



334 

±40 

xxni 

250’ 

None 

1.35MKHC03 

111 

80 

6 

0 


/• 



117 

±15.8 

H 

73 cT 

1.35M KCl 

1.35M KCl 

240 

100 

240 

100 

240 

100 

240 

100 

960 

No variation 

IV 

109 

1.35M KCl 

1.35M KCl 

240 

100 

240 

100 

240 

■ II 

240 

100 

960 

No variation 

V 

lOcT 

1.3SM ICAo 

1.35M ICAc 

240 

100 

240 

100 

240 

1 1! 

240 

100 

900 

No variation 

VII 

lOc? 

1.35M KCl 

1.35M KAc 

240 

100 

240 

100 

240 

1 1! 

240 

100 

900 

No variation 

VIII 

10<f 

1.35MK.AO 

1.35M KCl 

240 

100 

240 

100 

o 

CM 

1 II 

240 

100 

900 

No variation 

XI 

IScf 

1.35M KCl 

1.35M KCl 

223 

87 

146 

53 

45 

13 

26 

7 

431 

±60.8 

X 

19c? 

None 

0.4M KCl(l.p.«) 

53 

10 

2 

0 





55 

±17.0 

XI 

rd' 

1.35M KCl 

0.4M KCl(i.p.«) 

183 

71 

21 

0 





204 

±42.6 


1 Potassium acetate. 

* Mean survival time in minutes following each test dose. 

* Mean total survival timein minutes. 

^ Per cent of animals surviving four hours after each test dose. 

® Standard error. 

* i.p. — intraperitoneal. 

Group XL Tested after receiving no treatment for seven days ^ollo^^ing adaptation. 


In vieAV of the possibility that the tolerance phenomenon considered here might 
be entirely or in part due to the anion of the salt or to the cation-anion combi- 
nation employed, studies AA'^ere carried out in Avhich animals AAmre conditioned and 
tested AAuth different potassium salts. 

A group of animals AA'as adapted AAuth 1.35 molar potassium acetate solution 
(table 1, group V) and tested Avith potassium acetate. As AA'as true of the rats 
conditioned and tested Avith potassium chloride, all animals received all 4 test 
doses and all AA'ere alive 24 hours after the experment. A second group of ani- 
mals AA'hich had been adapted to potassium chloride AA'as found to be completely 
tolerant AA'hen tested Avith potassium acetate (table 1, group VII). LikeAA'ise, a 
third group of rats conditioned Avith potassium acetate demonstrated a complete 
tolerance AA'hen tested Avith potassium chloride (table 1, group VIII). It is to be 
recalled that potassium acetate and potassium chloride AA'ere equally toxic to 
normal rats. 
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Since the potassium ion had been administered by way of the gastro-intestinal 
tract in the adaptation procedure, the question arose as to whether the results 
represented a trae systemic tolerance or were simply due to a decreased ab- 
sorption of the salt. In order to test this possibility, rats adapted with potassium 
chloride by the oral route, as in the previous experiments, were then tested with 
potassium chloride administered by the intraperitoneal route (table 1, group IX). 
The tolerance of these animals was found to be highly significant when compared 
with control animals tested by the intraperitoneal route (table 1, group X) (P less 
than 0.01). 

Additional evidence that the adapted animals had a true systemic tolerance 
was the absence of any diarrhea, which would be expected if the phenomenon 
were due simply to decreased absorption of the salt. 

Fifteen animals which had been adapted to potassium chloride were tested with 
potassium chloride after having received no treatment for 7 days (table 1, Group 
XI). These animals had a total mean survival time of 431 minutes, one of the 
animals being alive 24 hours after the test. Comparison with male control rats 
(table 1, group I) shows that a significant degree of tolerance persists for at least 
7 days after cessation of treatment (F value of Fisher less than 0.02). 

The possible non-specific influences of a), passage of the stomach tube, b), 
sudden distention of the stomach with liquid, or c), large water shifts caused by 
administration of hypertonic salt solutions were examined as contributory factors 
in the adaptation process. Three groups of animals for these experiments were 
prepared by the treatments shown in table 2 and then tested by the oral route 
with 1.35 molar potassium chloride solution. Although all 3 groups showed a 
greater resistance to the test procedure than the male controls (table 1, group I), 
the difference ivas of slight significance. 

Potassium tolerance of rats adapted to water intoxication. As would be expected, 
the water consumption increased to a high level during the period of adaptation. 
The water intake for 24 hours of 16 tolerant rats receiving 4 test doses of 
potassium chloride was found to be 390 cc. per kilogi'am and that of 9 tolerant 
rats receiving 4 test doses of potassium acetate was found to be 322 cc. per kilo- 
gram, whereas 50 normal rats consumed only 150 cc . of water per kilogram. The 
water consumption of tolerant animals returned to normal levels within 24 hours 
after cessation of treatment. 

Nine rats receiving 4, 25 cc. doses of 1.35 molar sodium chloride solution per 
kilogram, in place of the potassium solution in the adaptation procedure, con- 
sumed 427 cc. of water per kilogram in a 24-hour period. 

The additional obseiwation was made that after the rats had been subjected to 
the adaptation procedure for a few days, their urine output increased markedly. 
That the entire volume of liquid ingested was rapidly excreted by the kidneys 
was shouTi by the fact that the adapted animals demonstrated no abnormal 
weight gain during the test day. 

In view of the large volume of water consumed by potassium-tolerant rats, a 
study was made to determine whether a resistance to the toxic effects of excess 
Matei, as reported b}’’ Liling and Gaunt (3), would protect rats to any degree 
against potassium poisoning. 
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Forty male rats were conditioned by administering water by stomach tube in 
doses of 8 cc. per 175-grams rat at half-hour intervals. One such dose was given 
on the first day, 2 on the second, 3 on the third, 4 on the fourth, and 5 on the fifth. 
On the sixth day, 20 of these animals, along with 20 normal controls, were tested 
Avith 13 doses of Avater to confirm their resistance to Avater intoxication. The 
other 20 Avater-conditioned animals (table 2, group XV) AA’ere tested Avith 1.35 
molar potassium chloride solution. Control animals for group XV AA’^ere treated 
and tested by an identical procedure AA'ith the exception that a blank stomach 
tube was substituted for the administration of Avater (table 2, group XVI). 


Table 2. Toxicity of -potassium to rats adapted to various non-specific factors and -water 

intoxieation 


GKOUP 

NO. 

OF 

RATS 

ADAPTATION 

(oral) 

TEST 

(oral) 

SURVIVAL 

1st dose 

2nd dose 

3rd dose 

4th dose 

Total 






m 

Min. 

% 



XII 

10& 

Blank tube 

1.3SM KCl 

240 

100 

104 

30 

6 

i 



350 

±33.9 

XIII 

10<P 

HiO 

1.3SiAI KCl 

21S 



50 

8 

0 




±50.9 

XIV 


1.35M NaCl 

1.35M KCl 

240 

100 

121 

44.4 

s 

0 



369 

±41.0 

XV 


mo 

(Gaunt’s method) 

1.3SM KCl 

231 

05 

99 

25 

6 

0 



336 

±27.6 

XVI 

lOd' 

Blank tube controls 

1.35M KCl 

240 



40 

5 

B 



364 

±35.7 


* Mean aurvival time in minutes foiiowing each test dose. 

* Mean total survival time in minutes. 

s Per cent of animals surviving four hours after each test dose. 

* Standard error. 

Group XII. The simple insertion of a blank stomach tube substituted for the potassium solution in the adapta- 
tion procedure. 

Group XIII. An equal volume of distilled water substituted for the potassium solution in the adaptation 
procedure. 

Group XIV. An equal volume of equimolar sodium chloride solution substituted lor the potassium solution 
in the adaptation procedure. 

Group XV. Adapted to water intoxication by the method of Lilingand Gaunt. 

Group XVI. A blank stomach tube was substituted for the administration of water in the adaptation procedure 
of Liling and Gaunt. 


The increase in the resistance to potassium poisoning of both the AA^ater-tolerant 
animals and their blank tube controls, as compared Avith normal male controls 
(group I), Avas of slight significance, and of the same order as that afforded by the 
non-specific factors shoAAui in table 2. 

Effect of whole adrenal extract and desoxycorticosterone acetate on the resistance to 
the 'potassium ion . It is AA^ell knoAATi that adrenalectomized animals and patients 
Avith Addison’s disease are highly susceptible to the potassium ion. TruszkoAA^ski 
and Duszyxiska (6) have shoA\Ti that both Avhole adrenal extract and desoxy- 
corticosterone acetate Avould protect normal mice against potassium poisoning. 
In light of these observations, it Avas of interest to determine AA^hether adrenal 
extract or DCA would protect noimal rats against potassium administered by our 
test procedure, and if so to AA^hat degree. 
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The whole adrenal extract employed in these investigations was prepared by 
the method of Cartland and Kuizenga as modified by Thatcher and Hartman (7), 
and was administered in a 10% alcohol solution, 1 cc. representing 300 grams of 
whole adrenal tissue. The synthetic DCA was also given in 10% alcohol, 1 cc. 
equahng 0.5 mgm. 

The animals in these studies were divided into 4 groups. Two groups (table 3, 
groups XVII and XVIII) received subcutaneously either 1 cc. of the whole 
adrenal extract or of DCA 3 times a day at 6-hour intervals (8 a.m., 2 p.m., 8 p.m.) 
for 2 days before the test day. The other 2 groups (table 3 , groups XIX and XX) 


Table 3. Toxicity of potassiu7n to rats treated with whole adrenal extract, 
desoxycorticosterone acetate, and parathormone 


GROUP 

NO, 

OF 

RATS 

TREATilENT 

TEST 

(oral) 

SURVI\'AL 

1st dose 1 

[ 2nd dose 

3rd dose | 

I 4th dose 

Total 

Min.* 

%> 

Min. 

% 

Min. 

B 





XVII 

20d' 

Adrenal extract for 

3 days 

1.35M KCl 

240 

100 

133 

50 

23 

0 

■ 

1 

396 

±30.7 

XIX 

ZOef 

Adrenal extract — 
test day only 

1.S5MKC1 

240 

100 

125 

40 

10 

1 

5 

1 

0 

385 

±30.7 

XVIII 

18tf 

DCA for 3 days 

1.35M KCl 

240 

100 

148 

. 

16 

0 



403 

±28.1 

XX 

20d’ 

DCA test day only 

1.35MKCI 

240 

100 

83 

25 

6 

0 



328 

±25.8 




1.35MKC1 

182 

00 

16 

0 , 





198 

±30.1 


* Mean survival time in minutes following each test dose. 

* Mean total survival time in minutes. 

* Per cent of animals surviving four hours after each test dose. 

‘ Standard error. 

Group XVII. Injected with 1 cc. whole adrenal extract three times a day for two days preceding the test day 
and one-half hour before each test dose of KCl on the test day. 

Group XIX. Injected, on the test day only, with 1 cc.wholeadrenal extract one-half hour beforoeach test dose 
of KCl. 

Group XVIII. Injected with 0.5 mgm. DCA three times a day for two days preceding the test day and one-half 
hour befoie each test dose of KCl on the test day. 

Group XX. Injected on the test day only, with 0.5 mgm. DCA one-half hour before each test dose. 

Group XXI. Injected with 0.5 cc. parathyroid extract (50 U.S.P. units) 18 hours previous to the first test dose 
of KCl. 

were treated with either whole adrenal extract or DCA only on the test day. 
Treatment on the test day was the same for all 4 groups of animals, 1 cc. extract 
or DCA being administered one-half hour previous to each oral test dose of 
potassium chloride solution. 

Both groups of animals treated with whole adrenal extract and the group pre- 
treated with DCA (table 3) demonstrated a very significant degree of resistance 
to potassium poisoning as compared with normal control rats (table 1, group I). 
The P value of Fisher was found to be less than 0.01 in all 3 cases. However, 
when DCA was administered only on the test day (table 3, group XX), it offered 
little or no protection against the potassium ion. 

It should be noted that there was no difference between those animals which 
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were pretreated with extract and those which received it only on the test day. 
On the other hand, the difference between animals pretreated Avith DCA and 
those treated onlj’- on the test day Avas a significant one (P slightly less than 0.05). 

It can readily be seen that despite the massive doses of hormone or DCA the 
protection given by them is extremely small AA*hen compared Avith that sIioaati by 
the potassium-adapted rats. 

Effect of 'parathyroid hormone upon resistance to potassium poisonmg. It is a 
Avell-knoAvn fact that the Ca++ ion can act as an antagonist to the K+ ion in certain 
physiological processes. The results of Winkler, Hoff and Smith (8) shoAV that 
in dogs the toxicity of injected potassium Avas diminished by the simultaneous 
injection of calcium. In vieAA' of the action of parathyroid hormone in raising the 
concentration of the calcium ion in the semm, it aars of interest to determine the 
effect of parathyroid extract upon the resistance of the rat to the potassium ion. 
Eighteen hours previous to the first oral test dose of potassium solution, one-half 
cc. of the paratliAU’oid extract- (50 U.S.P. units) AA^as administered. By inspec- 
tion of table 3, it can readily be seen that the resistance of the rats treated Avith 
parathjn-oid hormone AA^as very significantly less than that of control rats (table 1, 
group I) (P value of Fisher was found to be less than 0.01). 

Attempt to produce an acquired tolerance to sodmm chloride. The surprising 
observation of a true tolerance to the potassium ion suggested the possibility of 
such a phenomenon for the sodium ion. It Avas found that a test dose of 2.7 molar 
sodium chloride solution, administered according to the oral test procedure, AA'ould 
kill rats at a rate comparable Avith that for 1.35 molar potassium chloride. All 
attempts to increase the resistance of rats to this test, by substituting 2.7 molar 
sodium chloride for the potassium solution in the adaptation procedure, haA'^e thus 
far failed complete^. 

Both excess sodium chloride and Avater resulted in a prolonged period of 
sluggishness Avith depressed irritability terminating in death Avithout convulsions. 

In contrast, the premortal symptoms and manner of death of rats killed AAuth 
the potassium ion AA'ere A^ery characteristic. The symptoms, in order of appear- 
ance, Avere: a) loss of ability to stand on legs, h) jerky, uncoordinated movements, 
c) conAuilsions folloAved by a strong extensor thrust in the hind quarters, d) ces- 
sation of respiration, and finally e) cardiac failure. The heart continued to beat 
for approximate!}’’ one minute after respiratory moA’’ements had ceased. The 
sjTnptoms Avere the same regardless of the potassium salt used or the route of 
administration. 

Discussion. In experiments which demonstrated that rats could be made 
tolerant to highly lethal doses of potassium salts, it Avas found that the tolerance 
AA'as truly sj'^stemic and a specific one for the potassium ion. Animals made toler- 
ant AA’ith potassium chloride survived test doses of potassium acetate; the con- 
verse AA’as also found to be true. MoreoA’er, animals adapted orally to potassium 
chloride and tested intraperitoneally demonstrated a highly significant tolerance 
compared AA’ith the intraperitoneal controls. 

The increased resistance produced by the non-specific factors in the adaptation 

- The parathyroid hormone was a commercial extract prepared by Eli Lilly and Company. 
Each cubic centimeter represented 100 U.S.P. units of parathyroid activity. 
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procedure was found to be extremelj’^ small compared with that produced by 
potassium adaptation. Likewise, an increase in resistance of the same low order 
was brought about by water adaptation. These two facts indicate that the toler- 
ance to the potassium ion is a specific phenomenon and that it cannot be induced 
by increasing the resistance to water intoxication. 

Contrary to expectations, the administration of parathyroid hormone resulted 
in a highly significant decrease in resistance to the potassium ion. It should be 
emphasized, however, that ions which are antagonistic to each other in relation 
to a given physiological process may act sjmergistically in another process (4). 
Odishima (9) has reported that the injection of potassium salt lowers the blood 
calcium, and vice versa. It is possible that the effect of parathyroid hormone 
upon the level of ionized calcium in the serum acts as an additional stress to the 
animals. 

Either whole adrenal extract or DCA admmistered previously protects normal 
rats against potassium poisoning. This is in agreement with the results of simi- 
lar work on mice bj'’ Truszkowski and Duszynska (6) . The difference observed 
in the effectiveness of DCA and whole adrenal extract when administered only on 
the test day suggests a possible difference in the mode of action of the synthetic 
material and the natural hormone. 

Although the protection against the potassium ion afforded by massive doses 
of whole adrenal extract or DCA was significant when compared to noimal male 
controls, it was extremely small compared with that demonstrated by potassium- 
adapted animals, and of the same magnitude as that afforded by the non-specific 
factors or water adaptation. The fact that potassium-adapted rats showed a 
pronounced increase in water consumption accompanied b}’^ a profound diuresis 
in contrast to non-tolerant rats suggests that the primary potassium-tolerance 
mechanism is based upon a functional change in the kidney. It was of interest 
to note that animals treated with adrenal hormone or DCA, and those adapted 
to water intoxication or the non-specific factors, demonstrated no increased water 
consumption or diuresis following administration of potassium salts. This would 
seem to indicate that the protection afforded by adrenal hormone or non-specific 
stress was not upon an excretory basis and that the adrenal plays a direct role only 
in that portion of the tolerance mechanism which is non-specific in nature. 

Nilson (10) points out that in order to bring about the crisis of adrenal 
insufficiency in adrenalectomized dogs maintained upon a low potassium, high 
sodium regimen, it was necessary to increase rapidly the intake of potassium, 
since such animals could adjust themselves to subtoxic doses of potassium witliin 
a few days and appear normal until the dose of potassium was again increased. 

This also suggests the presence of an extra-adrenal mechanism in the control 
of potassium metabolism, and indicates that a tolerance to potassium could be 
developed in the absence of the adrenal glands. Further studies in this direction 
are being pursued. 


SUMMARY 

1. A true systemic and a specific tolerance to the potassium ion was developed 
in rats by progressively increasing the size of doses of potassium salts adminis- 
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tered orally. A significant degree of this tolerance was found to persist for at 
least 7 days after cessation of the adaptation procedure. 

2. The administration of whole adrenal extract or DCA brought about an 
increased resistance to the potassium ion, which was exceedingly small in com- 
parison wth that induced by potassium adaptation. 

3. A difference was noted in the behavior of whole adrenal extract and DCA 
in that the former afforded immediate protection against potassium poisoning, 
whereas the latter did not. 

4. The administration of parathyroid hormone resulted in a decreased resist- 
ance to potassium poisoning. 

5. Attempts to develop a tolerance to sodium chloride failed. 

6. It was observed that the manner of death produced by either excess sodium 
chloride or water intoxication was quite different from that caused by potassium 
poisoning. 

The adrenal glands were furnished by Parke, Davis & Company, through the 
courtesy of Dr. Oliver Kamm; and the desox 5 '^corticosterone acetate was supphed 
by Roche-Organon, Inc. 

The authors wish to acknowledge their indebtedness to Dr. Frank A. Hartman 
for his encouragement throughout the course of this work. 
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Armstrong and Heim (1, 2) in their pioneer work on the effects of altitude 
anoxia reported a decrement in the altitude tolerance of animals (rabbits) sub- 
jected to daily repeated exposure to anoxia. The initial response observed was 
beneficial adaptation for three to four weeks followed by deterioration of the 
adaptation, and of the general physical condition of the animals, until death 
terminated the experiihent. 

These findings were not confirmed by others, notably Thorn, Jones, Le^vis, 
Mitchell and Koepf (3) who found that both rats and rabbits responded to mild 
repeated exposures to anoxia (18,000 feet equivalent) by apparently complete 
compensation. They did, however, find that the rabbit is not a good experi- 
mental animal for altitude experimentation because of problems associated with 
the gaseous content of the intestine in these animals. These workers explained 
the difference between their results and those of Armstrong and Heim on the 
basis of deleterious effects of the “altitude tolerance tests” used by the previous 
workers, which might well have caused sufficient damage to result in the de- 
terioration noted. 

Although this explanation appears to resolve the discrepancy in results, the 
possibility of injurious effects of discontinuous exposure to anoxia reflected in a 
decrease of anoxia tolerance is not eliminated, since Thom, Jones, Lewis, Mitch- 
ell and Koepf did not test their animals for ‘altitude tolerance’. 

It seemed worthwhile to the authors to design an experiment aimed at clari- 
fication of this problem. Thus the present study was conceived in which a 
number of animals — sufficiently large to lend significance to the results ob- 
tained — ^\vere to be exposed discontinuously to anoxia mild enough to be easily 
tolerated (18,000 feet for one hour per day). At the end of a period long enough 
for regression to have started, if it were to occur, some of the animals would be 
given an altitude tolerance test and others would be examined for evidence of 
changes brought on by the chronic exposure. 

Methods. One hundred and two young (mean weight 207.5 grams) male, 
Sprague-Dawley albino rats were divided into four groups and paired according 
to body weight before the start of the experiment. Thus, group 1 contained 
26 marked animals slated for exposure to low pressure, and group 3 contained 
26 control animals, each one having the same body weight as an animal mth 

' Material for this paper was taken from a thesis submitted to the faculty of the Graduate 
School of the University of Maryland in partial fulfillment of the requirements for the de- 
gree of Doctor of Philosophj'. 
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the same ear marking in group 1 . Groups £ and If. were paired in the same man- 
ner, but each of these groups contained but 25 animals. Each group was then 
placed in a separate large whe cage and fed water and a drj'-, prepared pellet 
dog food ad libidum. 

The first exposure of the test animals in the decompression chamber was made 
on the da}'- following the pahing and repeated each daj’’ for 9 weeks. Hie ex- 
posure of group 2 started one week prior to that of group 1 , and the experiment 
was terminated for the former group one week earlier than for the latter. The 
advantage gained from this ‘staggering’ is represented bj^ the fact that since 
the average weights of the two experimental groups (1 and 2) at any time rep- 
resent the weights after the same length of exposure, but are a week apart chrono- 
logically, the effects of minor environmental changes on the average weights of 
the animals are partially eliminated. 

Exposure of the experimental animals to simulated altitude was carried out 
in a large decompression chamber.- At approximately 5 p.ai. every day, the 
entire rack of cages was taken to the chamber, the test animals put inside and 
the controls left outside. Ascent to 18,000 feet was made at a rate of 3000 feet 
per minute. The animals were left at this altitude for one hour with a venti- 
lation of 30 cubic feet per minute, measured at ground level. Descent was made 
at 3000 feet per minute. After return to the animal room, the animals were 
given food and water in sufficient quantity to assure them an excess until the 
following exposure period. 

All of the animals were weighed once a week on the aftemoon of the same 
day of the week (Tuesday) as the original pairing. At the end of 9 weeks’ ex- 
posure, the exposures were stopped and the animals chosen for study of organic 
effects were sacrificed. Thirty-five of the experimental animals taken at random 
and the corresponding controls were anesthetized with nembutal and dissected. 
The dissection procedure was as follows: The abdomen was opened and a 10 
ml. hypodermic syi'inge containing a drop of heparin solution was introduced 
into the left ventricle of the heart by means of a ^20 hypodermic needle. Blood 
was then dra^vn from the beating heart slowb"^ until no more could be obtained. 
The volume of blood in the syringe was then recorded as an index to the total 
blood vohune (two-thirds of total circulatory blood according to Setye, 4) and 
the blood used for eiythrocyte count, using the Neubauer counting chamber, 
and for hemoglobin, using the Hellige-AVintrobe hemoglobinometer. 

A small amount of air was then injected into the left ventricle and the heart 
was compressed between the fingers. This forced blood and bubbles of air into 
the aorta. Upon ceasing the compression, in the normal heart the air bubbles 
remain in the aorta in approximately the same position. However, in animals 
with insufficiency of the aortic valves, regurgitation occurs and the bubbles are 
seen to flow backward toward the ventricle. This was taken as an indication 
of valvular insufficiency. 

The stomach was then removed, opened, washed free of contents and examined 

- The decompression chamber used in this study is one on the grounds of the National 
Institute of Health, Bethesda, Maryland, and is the property of the U. S. Public Health 
Service (Industrial Hygiene Research Laboratory). 
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for blood and for gastric ulcers. These are plainty Adsible, when present, as 
hemorrhagic spots, or as small lesions surrounded by an elevated area. The 
carcass of the animal was then examined for anatomical abnormalities, and 
records kept of those found. After the dissection of 70 animals, 32 rats remained 
alive. These animals were used for altitude tolerance tests. Twelve of these 
animals (6 experimental, 6 control) were subjected to acute anoxia by decom- 
pression to an equivalent of 50,000 feet (87 mm.Hg) on the day following the 
last acclimatizing exposure. ‘Ascent’ was performed very slowly (2 hours) to 
reduce the possibility of decompression sickness. Twenty animals (10 experi- 
mental, 10 control) were allowed to rest at ground level in the animal room for 



Fig. 1. Growth of rats exposed to altitude 


one week after the last exposure to 18,000 feet, and then exposed to acute anoxia. 
Records of the survival t'me and apparent cause of death for each animal were 
made during these acute exposui’es. 

Statistical analysis of numerical measurements was performed utilizing the 
Fisher t-test (5) to show reliability of differences between test and control-group 
averages. 

Observations. 1. General condition. Little difference was noted between 
the general physical condition of the animals exposed to 18,000 feet simulated 
altitude and that of the animals maintained at sea level during the course of 
the experiment. The average body weight of the exposed animals closely paral- 
leled that of the control animals throughout the 9 weeks’ test period. A graphic 
presentation of the average body weights of the two groups is presented in figure 
1. No statistically reliable difference is obseiwed between the control and ex- 
posed group points for any weekly weight mean. However, it will be noted 
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that at two points (1 week and 9 weeks) the mean weight of the exposed animals 
falls below the mean weight of the controls, whereas at eveiy other point the 
mean Aveight of the exposed animals is uniformly aboA^e that of the controls. 
While the numerical difference betAA’een the mean AA'eights of the exposed and 
control groups do not differ significantlj’' at these points, the deAuation of the 
exposed group mean AA^eight from the mean AA'eight expected for that group on 
the basis of a smooth groAAdh curve is significant at the 5% leA'-el. No other 
point on either curv'^e is significant Ij’’ deAuant from the corresponding theoretical 
point on a smooth curve. 


Table 1. Effects of dtscontinuous exposure to 18,000 feet for 1 hr /day for 9 weeks on the 

albino rat 



1 

1 CONTROL ANIMALS 

EXPOSED ANIMALS 

CHANGEf 

Pt 

1 Datum* 

No. 

Datum* 

No. 

Blood volume (ml.). 

6.86 

37 

8.28 

34 

% 

20.7I§ 

.001 

Red cell count (million/mm^) 

8.02 

37 

8.04 

35 

0 

>.50 

Hemoglobin (grams %) 

15.2 

35 

17.4 

35 

14.51 

.02 

Total Oa capacity . 

2.1 

35 

2.9 

35 

381 

.02 

Spleen wt. (grams) 

0.5900 

27 

0.5947 

27 

0 

>.50 

Aortic valve insufficiency 

1 

35 

12 

35 

91.71 

.0001 


(2.9%) 


(34.3%) 




Gastric ulcers . 

7 

35 

15 

35 

53.31 

.03 


(20%) 


(42.9%) 




Pulmonary lesions 

3 

35 

16 

35 

81.31 

.0001 


(8.6%) 


(45.7%) 

! 



Survival under acute anoxia H . . 

2/6 

6 

2/6 

6 

0 

>.50 

Survival under acute anoxia|| 

8/10 

10 

3/10 

10 

62. 5D 

.03 


* Mean of all observations. 

t Percentage difference betv'een exposed and control groups in terms of normal (control 
value). 

t Probability of observed difference occurring by chance as determined by Fisher t-test. 

§ I = increase; D = decrease. 

^ Exposure to acute anoxia (50,000 ft. equivalent) the day after completion of 18,000 
feet exposures. 

II Exposure to acute anoxia one week after completion of 18,000 feet exposures. 

It is interesting to note that these deviations occur at the points where a 
decrement in weight gain would be expected under conditions of more severe 
anoxia, the one-week decrement representing a lag in adaptation and the 9-AA^eek 
decrement usually interpreted as a recession of adaptation. 

After tAVo weeks of exposure, the ears and the plantar surfaces of the feet of 
the test animals were foxmd, practically unNersally, to be slight^ darker in 
color than those of the controls, indicating that adaptation in circulating hemo- 
globin had occurred by this time. 

2. Effects on specific systems. A summarj'' of the effects of exposure is giA'^en 
in table 1. 
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A. The blood and circulatory system. Blood volume was found to be appreci- 
ably increased in the animals exposed to 18,000 feet altitude. As is shnvm in 
the accompanying table, an increase of approximately 21% occurred. 

The erythrocyte count of the exposed animals was not significantly different 
from that of the controls. The average counts of both groups, 8,020,000 and 
8,040,000, respectively, are mthin the normal range for albino rats of the age 
group represented (approximately 20 weeks). The hemoglobin content of the 
blood, however, was significantly increased (14.5%). 

Insufficiency of the aortic semilunar valves was found in 34.3% of the exposed 
animals examined, while only one of the corresponding 35 control animals (2.9%) 
showed this deficiency. It is possible that this one represents experimental 
error, in that rupture of these valves might possibly be effected during the dis- 
section teclmique. 

The mean weight of the spleen was not changed significantly by the exposure 
to altitude. 

B. General pathology. (1) Gastric Ulceration. The incidence of gastric 
ulcers was appreciably higher in the animals exposed to altitude (43%) than 
in the control animals (20%). All cases of actively hemorrhagic gastric ulcers 
encountered were in the experimental group. 

(2) Pulmonary Lesions. The occurrence of lesions of the lungs was much 
more common in the exposed animals (16 cases in 36) than in the control animals 
(3 cases in- 35). 

. 3. Resistance to acute anoxia. A. Of ‘acclimatized’ and control animals sub- 
jected to acute anoxia the day after the last regular exposure, the resistance to 
high altitude (50,000 feet) was identical in each group (exposed simultaneously). 
Four out -of 6 animals from each group died with convulsions over the same 
exposure period. 

B. When kept at sea-level pressures for one week after the last regular ex- 
posure to 18,000 feet, it .was found that mortality in the previously treated ani- 
mals was greatly increased upon exposure to acute anoxia. Thus, of 10 test 
animals subjected to very high altitude, 7 died, while of 10 control animals ex- 
posed at the same time, only 2 did not survive. 

Discussion. The increase in blood volume of animals exposed to altitude 
reported here has been obseiwed previously by Dalton (6). The value of this 
increase to the organism under conditions of low oxygen pressure is obvious. 
Also, the increase in hemoglobin observed permits of a greater oxygen-carrying 
capacity per unit volume of blood. This increase has also been reported by 
Van Liere and Stickney (7) for dogs, and by Campbell (8, 9). However, for 
humans native to high altitude (c. 15,000 feet) Hurtado (10) reports no elevation 
of average hemoglobin content of the blood. 

A direct analysis of known factors in the present study indicates that the 
total oxygen-carrying capacity of the blood was increased in the exposed animals 
to 2.9 ml. as compared with a total capacity of 2.1 ml. for the controls, an increase 
of 38%. However, so manj’" unknown factors (cardiac output, vasomotor tone, 
respiratory regulation of blood and tissue pH, etc.) are involved in the effect of 
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this increased 02-carrying power on the total organism that this does not present 
by any means a reliable index of tissue oxygenation. 

It appears inconsistent that the erythrocyte count was not correspondingly 
increased. In fact, Van Liere and Sticloiey (7) report an increase of 84% in 
erythrocjde count of dogs exposed to 18,000 feet for 17 weeks and Thorn et al. 
(3) report a similar increase in both hemoglobin per cent and red cell count for 
dogs exposed in the altitude chamber. However, the benefit to the organism of 
increase in hemoglobin content of the blood without recourse to increase in the 
number of erythrocytes is obvious, since an increase in the number of red cells 
is accompanied by a corresponding increase in the viscosity of the blood, as 
shovm by Hurtado (10). This is decidedly a detrimental factor because of the 
increased work demanded of the circulatory system. 

A number of workers have studied the effect on the heart of low barometric 
pressure. Van Liere (7, 11) was unable to produce cardiac hypertrophy (meas- 
ured bj'' change in weight) in guinea pigs at 20,000 feet altitude either when 
exercised or at rest, nor in dogs at 18,000 feet. This, however, does not show 
that dilation or valvular rupture do not occur. In fact, Campbell (8) and Barach 
(12) have both reported symptoms of congestive failure in animals exposed to 
20,000 feet altitude, in the former case associated with cardiac enlargement. 
Also Dalton (6) has observed histologically, demonstrable damage to the A-V 
valves in rats exposed discontinuously to 25,000 feet, and Nims (13) has recently 
reported cardiac lesions in rats produced by a single short exposure to a simu- 
lated altitude of 20,000 feet. 

The fact that the heart is placed under a considerable strain under the con- 
ditions of the present experiment is borne out by the fact that damage of the 
aortic valve was found to have occurred in approximately one-third of the ex- 
perimental animals. In this group the average hemoglobin percentage (20.6 
grams %) is well above the average for the entire experimental gi’oup (17.4 grams 
%), but the average red cell count (8,400,000) was very near the average of the 
experimental group (8,030,000). It is possible that the elevated hemoglobin 
found in the animals with valvular insufficiency represents an attempt on the 
part of the organism to nullify the cardiac defect. It seems very likely that 
the symptoms of congestive failure i-eported by Campbell (8) and Barach 112) 
are due to valvular damage produced by the anoxic experience. 

It is evident that adaptation to mild anoxia enables the organism to resist 
exposure to acute anoxia at least as well as can the normal animal, but when 
any advantages this adaptation may have imparted have ‘p^^ssed off’, as shown 
by Campbell (8) to occur during a stay at low altitude, the organism is less fitted 
to resist extremely high altitude than is the normal animal. This phenomenon 
may conceivably be due to deleterious changes in the circulatory sj'^stem incurred 
during the original adjustment to low pressure. 

The lack of increase in spleen weight in the acclimatized animals is probably 
correlated with the lack of increase of circulating eiythrocytes, as reported above. 
Studies made at 18,000 feet, 8 hours per day for 3 months bj'’ Van Liere and 
Stickney (7) have shown an increase in spleen weight of dogs along with an in- 
crease of red cell count. 
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No reference to disturbances of the respiratory tract as a result of chi-onic 
exposure to anoxia has been found in the literature. The results found in the 
present study indicate that some phase of the effects of exposure to low baro- 
metric pressure — ^possibly hyperventilation, pulmonary occlusion, increased 
arterial pressure or a combination of these factors and others — have a deleterious 
effect on the lung tissues. 

It appears evident from the above findings and review that at least two count- 
eracting forces are present during the course of adaptation to altitude anoxia. 
One is the direct damage caused by the anoxic experience, as shown by Nims 
(13) to occur durmg the earliest exposures. The other is the beneficial process 
of adaptation, which more or less typifies the ‘alarm reaction’ of Selye (4). 

To interpret the findings discussed above with reference to the phases of the 
‘alarm reaction,’ it is necessary to reconsider them together. 

The phase of acute alarm is engendered in the organism exposed to low baro- 
metric pressure, probably during the first few exposures. The beginnings of the 
adaptative response to anoxia (i.e., adrenal hypertrophy, hemoconcentration, 
etc.) can be demonstrated after a single exposure (Thorn, 3). 

The adaptation phase is commonly referred to as ‘acclimatization’ when it 
results from exposure to low pressure. However, if acclimatization is taken to 
mean that its result is an organism more fit to survive under anoxic conditions 
than is the normal animal, it is seriously doubted by the author that this occurs 
to any practical degree in discontinuous exposure to anoxia. Certainly it does 
not occur in the present study as is evidenced by the exposures to acute anoxia 
cited above. Any beneficial adaptative response which had occurred in the 
exposed rats was only sufficient to counteract the deleterious changes in the 
circulatoiy system. In fact, if the animals were allowed to lose the beneficial 
adaptative changes by a week’s stay at ground level, the deleterious effects 
remaining were sufficient to cause an appreciable decrease in the altitude ‘ceiling’ 
of the test animals as compared with the normal controls. Thus, it seems proba- 
ble that no practical benefit to the organism can be expected from acclimati- 
zation by discontinuous exposure to even a mild degree of anoxia. 

The appearance of regression of adaptation, of course, still further embar- 
rasses the organism exposed to anoxia, since a part of this adaptation has been 
utilized in counteracting the previously imposed pathologj'’ and only part has 
been effective in ‘prophylaxis’ against further injury. Regression of adaptation 
is strongly suggested in the present findings, although the slight decrement in 
weight-gain found after 9 weeks of exposure does not alone confer gi-eat con- 
fidence in this conclusion. 

In general, it is the belief of the authors that the origmal findings of Aimstrong 
and Heim (1, 2) are confirmed by the present study. Discontinuous exposure 
to altitude anoxia leaves the exposed animal, after loss of adaptation, in a poorer 
condition to cope with anoxia than the control animal. However, in accordance 
wth Thom et al. (3), the use of altitude tolerance tests by Armstrong and Heim 
during the period of adaptation, no doubt contributed toward the weakening 
of the animal and in a measure intensified the final results. 
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SUMMARY 

1. Exposure of 51 albino rats to discontinuous anoxia by decreased barometric 
pressure, equivalent to 18,000 feet for one hour per day for 9 weeks, produced 
no obvious changes in appearance, weight or behavior as compared with 51 
carefully paired control animals. 

2. Statistical analysis of changes occurring showed the concomitant occurrence 
of beneficial adaptative changes and deteriorative changes during the exposure 
period. 

3. The exposed animals were found to have a decreased resistance to acute 
anoxia (50,000 feet equivalent) after loss of adaptation, as compared vuth the 
normal control animals. 
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The outstanding clinical feature of shock from severe burns or trauma is 
circulatory collapse (1) which is presumed to result from fluid loss at the site of 
injury (2). Recent experimental (3, 4) and clinical (5, 6) studies of the treat- 
ment of shock from burns and trauma have indicated that effective replace- 
ment therapy requires a volume of sodium-containing fluid greatly in excess of 
any loss at the site of injury. Since whether or not this extra fluid was admin- 
istered apparently produced the difference between success and failure, it seemed 
important to ascertain the nature and extent of the fluid and electrolyte shifts 
that occur in injured and in uninjured tissues. Such tissues, therefore, were 
analyzed for potassium, sodium and water. In addition, total protein and 
electrophoretic analyses of these tissues were made (7) to characterize the quan- 
tity and nature of the ‘protein loss’. T^he data obtained provide evidence that 
in traumatic shock, primary changes in the tissues lead to reduction in both 
blood and extracellular volumes followed by circulatory collapse and death. 

Methods. Traumatic shock was produced with Rosenthal’s technique (4). 
The tourniquet which completely stopped the circulation was applied for two 
hours, then removed; the leg swelled and promptly the animal exhibited marked 
shock. It should be noted that while the application of tourniquets to both 
hind legs resulted in an injury that was fatal if untreated (4), a single leg tourni- 
quet did not. Nevertheless the use of a single tourniquet produced symptoms 
of marked shock and possessed the advantage of supplying an injured and an 
uninjured ‘control’ hind leg on the same animal. It will be shown, however, 
that the contralateral uninjured leg undergoes considerable changes and is not 
identical with the leg of a normal animal. Animals were sacrificed by bleeding 
from the heart from 4 to 6 hours after removal of the tourniquet. Data were 
obtained in the same way for normal mice and mice deprived of food and water 
for like periods. 

For analysis the legs were amputated at the groin by cutting across the neck 
of the femur with a scissors and the entire leg was taken as the sample^, thereby 

' The 'Work described in this paper was done under a contract recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and the Columbia University College of Physicians and Surgeons. The paper was read in 
part before the Society for Experimental Biology and Medicine, December 16, 1944. 

- The degree of anatomic reproducibility of this sampling is indicated by comparison of 
the dry weight of right and left leg of each animal (table lA) . The tissue weights were not 
averaged because of considerable variation in the size of the mice used. 
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Table 1. Sodium, potassium and water content of entire legs of uninjxired mice and those 
whose legs had been traumatized by the application of a tourniquet 



^VEIGHT OP EACH LEG I 

WATER 




ANIMAL NO. 



SODIUM 

POTASSIUM 

Na+K 

Wet tissue 

Dry 

CONTENT 

i 






Uninjured mice; deprived of food but not water 



grams 

grams 

1 % 

1 mEq. ptr h%m, of IhO 

1 

1.149 

0.363 


94.5 

118.6 

213.1 


1.224 

0.337 


87.8 

119.1 

206.9 

2 

1.036 

0.337 

67.5 

88.9 

122.5 

211.4 


1.162 

0.377 

67.6 

89.2 

119.0 

208.2 

3 

1.024 


68.8 

i 

1 90.0 

118.5 

1 

i 208.5 


1.120 

0.347 

69.0 

88.6 

118.0 

206.4 

1 

4 



68.9 

93.5 

120.0 

1 

213.5 


1.091 

0.338 

69.1 

92.1 

124.0 

216.1 


Shocked mice: traumatized legs 4 hours after injury 


5 

1.179 

0.283 

76.0 

160 

47 

207 

6 • 

1.659 

0.361 

78.2 

158 

38 

196 

7 

2.137 

0.473 

77.8 

152 

39 

191 

8 

1.959 

0.463 

76.3 

150 

40 

190 

9 

2.188 

0.518 

76.4 i 

151 

41 

192 

10 

2.52 

0.565 

77.6 

151 

39 

190 


Shocked mice: opposite uninjured legs 


5 

■SB 


65.8 

1 80.6 

mm 

215.6 

6 

■EH 

BQI 

67.5 

74.4 



7 

0.910 


68.0 

— 


— 

8 

1.006 

0.309 

69.1 

81.4 



9 

1.062 

0.361 

66.1 

81.2 


1 214.2 

10 

1.378 

0.437 

68.2 

69.6 




Uninjured mice: deprived of food and water for same period 


11 

1.109 

■Ri 

69.4 

90.5 

127 

217.5 


0.936 

WBM 

69.0 

96.5 

124 


12 

0.958 

0.317 

66.7 

93.6 

126 

219.6 - 


1.147 

0.409 

64.3 

94.4 

124 

218.4 

13 

1.076 

0.349 

67.6 

84.5 

128 

212.5 

1 

1.099 

0.346 

68.5 

79.6 

126 


14 

1.179 

0.380 

67.7 

i 81.6 

128 



1.154 

0.383 

66.8 

i 85.6 

1 

131 

216.6 
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eliminating large errore due to unavoidable loss of fluid when sampling muscle 
or skin of the very edematous injured area. Water was determined by drying 
for a week or more to constant weight in an oven at 105-1 10°C. The dry tissues 
were then extracted with 0.75 N nitric acid (8). 

Radioactive isotopes were given intraperitoneally or subcutaneously the day 
before the experiment; with radiopotassium, an additional injection was given 
tAvo days in advance. Radioactivity was measured in aliquots of those solutions 
AAuth a Geiger-Muller counter. 

Potassium and sodium were determined in the improved internal standard 
flame photometer (9) by adding a constant amount of lithium nitrate to all 
samples and obtaining the ratio of potassium or sodium to lithium. Repeated 
readings indicated a reproducibility of 0.5%. By addition of lithium, an overall 
precision of 1% is obtained despite considerable variation in the concentrations 
of other ions or organic substances (9). It is of the utmost importance to dis- 
tinguish this instrument from those not using internal standards, since such 
instruments are affected by variations in the composition or ionic concentration 
of the solutions which markedly elevate or depress the readings (9). The maxi- 
mal accuracy of the direct reading photometer (10) is 3% after 10 readings A\dth 
standard and unknoAvn solutions of similar composition ; the accuracy of a com- 
mercial modeP in our hands Avas only about 10% and this instrument therefore 
was not employed. In one experiment, tissue sodium was determined by a 
uranyl zinc acetate method after dry ashing (11). 

Results in traumatic shock. The data in table 1 are expressed in terms 
of the concentration of potassium and sodium in the AA^ater of the entire leg 
thus shoAving Avhether total tissue fluid Avas diluted or concentrated and whether 
the relation of potassium and sodium AA’^as altered. While, in the main, potas- 
sium is the chief intracellular cation and sodium the chief extracellular cation 
(12), recent studies have indicated frequent interchange in disease (13). Data 
expressed in terms of total tissue Avater avoid any assumption as to location 
AAuthin or outside of cells; nevertheless, absolute as AA^ell as relatiAm changes are 
indicated. 

The traumatized tissues gained considerable AA-^ater; their potassium concen- 
tration AA^as reduced by tAAm-thirds and their sodium concentration AAms almost 
doubled. The opposite uninjured legs surprisingly did not lose AAmter AA'^hen 
compared to control legs but shoAA^ed an increase in potassium and an equmalent 
decrease in sodium concentration. These changes are more conspicuous AA'hen 
the values are compared AAuth those of normal animals depriA’-ed of food but not 
AA'ater. The analytical results of several experiments are summarized in table 
IB and agree AAutli the tj'-pical experiment gRen aboA’-e.^ 

^ IMade by Perkin-Elmer Co., Glenbrook, Conn. (Model IS) 

■* In 3 additional experiments, before the internal standard technique had been adopted, 
it was possible to measure only the ratio of Na to K because the strong acid used to ash the 
tissues for nitrogen analyses depressed the absolute readings, but since Na and K are simi- 
larly affected their ratio values were reliable. The ratios obtained in normal, injured and 
the opposite legs Avere practically the same as those given in table IB. We are indebted to 
Dr. John Berry and Mr. David Chappell of the Stamford Research Laboratories of the 
American Cyanamid Co. for these and manj”^ other of the earlier measurements. 
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Table IB. Siamnary of average values of three experiments 


EXPER- 

IMENT 

NO, 


NO. 1 
OF 
LEGS 

WATER CONTENT 

i 

SODIUM 

POTASSIUM 

Na+K 

RATIO, 

K 





mEq. per kgm of water 


61 

Uninjured with 
H 2 O but no food 

8 


90.7±2.5 

120±2 

210. 5±4 

0.75 

7 

Uninjured mice 
legs 

Shocked mice 

8 

67.5±1.52 

S8.0±6 

i 

127±2 

215±5 

0.G94 


Injured legs 

6 

77.0±0.83 

154. 0±3 

41±3 

194±6 

3.75 


Opposite legs 

5 

67.5±1.2 

‘ 77.0±5 

129±4.5 

206±7 

0.597 

4 

Uninjured mice 
legs 

Shocked mice 

6 

58.9±3.72 

! 81.0±3 

126±3 

208±3 

0.644 


Injured legs 

6 

75.1±1.8 

142. 0±2 

48±5 

191±4 

2.96 


Opposite legs 

1 

6 

63.3rfcl.4 

77.0dt4 

133±3 

211±4 

0.578 

2 

1 

Uninjured mice 
legs 

Shocked mice 

4 

G0.1±0.22 

90.0±7.4 

127±2 

217±9 



Injured legs 

4 

74.1±1.7 

153. Oil. 6 

45i3 

199. 5±2 



Opposite legs 

3 

I 62.0±0.9 

78.0±3.9 

132±2 

210±2 



* Individual values given in table 1 . 

^ There is considerable variation in water content of tissues of uninjured control mice 
because of varying degrees of water loss with dehydration which did not occur in injured 
mice (34). 

’ Standard Deviation. 


Table 2A. Redistribution of sodium in tissues in tourniquet shock traced by radiosodium 



NORMAL MICE 

SHOCKED MICE 

EXPT. -NO. 

Both hind legs 

Injured legs 

Opposite uninjured legs 


No. legs 

averaged 

No. legs 

averaged 

No. legs 

averaged 

I 

4 

100 

4 

230 

4 

79 

II 

12 

100 

10 

236 

10 

83 

III 

4 

i 

100 

6 

405 

6 

84 


(Values are % radioactivity per gram dry weight of tissue.) 


Similar experiments emplojong radioactive isotopes are summarized in tables 
2A and 2B and show that the potassium and sodium shifts (14) traced by these 
isotopes are the same as those indicated in table 1. Radiobromide was used as 
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Table 2B. Redistribution of potassium in rai tissues'- in tourniquet shock traced by radio- 
potassium-comparison with direct analyses 
5 shocked rats 


RAT NO. 

RADIOPOTASSrUM PER GRAM HIND LEG 

INJtTRED 

RATIO — 

OPPOSITE 

DIKECT ANALYSES (uEq. 
PEE GEAJI leg) 

INJUEED 

Injured 

Opposite 

OPPOSITE 

1 

2.06 

4.2 

.49 

.50 

2 

2.48 

4.4 

.56 

.54 

3 

1.73 

4.32 

.40 

.31 

4 

2.08 

4.21 

.49 

.47 

5 

2.11 

3.74 

.56 

.55 

Average 

2.09 

4.18 




3 normal rats 



RIGHT 

LEFT 

E/L 

E/L 

6 

3.08 

3.16 

.97 

.98 

7 

4.4 

4.6 

.96 

.95 

8 

3.74 

3.73 

1.0 

1.01 


Average (of six legs) 3.79 


' Radiopotassium was given in 2 subcutaneous injections 24 and 48 hours preceding 
application of tourniquets. Because of shortage of mice when the isotope was available, 
30-gram rats were used. 

“ These values are the % per gram of hind leg of the total radioactivity present in each 
rat (both legs and the remaining carcass) at autopsy. 


Table 3. Redistribution of sodium and water in muscle and 'skin’ in tourniquet shock; effect 

of sodium therapy — gravimetric analyses 



^ MUSCLE 

‘skin’ 

Sodium 

Water 

Sodium 

Water 


mEq/ksm. B^O 

1 

% 

mEq/Kgm,EiO 

% 

Normal mice 





(4 hind legs) 

52 

74.4 

204 

54.0 

Shocked mice^ 





(4 injured legs) 

149 

86.7 

223 

72.2 

4 opposite uninjured legs 

39 

73.8 

136 

57.0 

Shocked mice — saline therapy^ 





4 injured legs 

180 

85.3 

162 

85.4 

4 opposite uninjured legs 

48 

73.8 

164 

61.5 


* ‘Skin’ refers to cutis and subcutis including hair. 

- Tissue taken for analysis 4-6 hours after release of tourniquet. 

= Treatment consisted of 2 cc. of 0.9% Nad given intraperitoneally one hour after 
release of tourniquet; tissue taken for analysis 3-5 hours later. 































Table 4. Sodium, potassium and water content of entire hind legs burned and not burned 


ANIMAL NO. 

WEIGHT OF EACH LEG 

WATER 

SODIUM 

POTASSIUM 

Na+K 

Wet tissue Dry 




A. Right hind leg immersed in water at 75 C. for 10 seconds 




grams 

grams 

% 

mEq. per kgm. EiO 

1 

1.259 

0.292 

76.8 

144 

58 

202 

2 

1.497 

0.346 

77.0 

141 

52 

193 

3 

1.231 

0.280 

77.3 

141 

60 

201 

4 

1.659 

0.362 

78.2 

145 

48 

193 

5 

1.472 

0.334 

1 

77.4 

143 

53 

196 


Opposite hind leg — not burned 


1 

0.972 


65.8 1 

77 

WSM 

220 

2 

mmm 


66.8 1 

80. 


223 

3 

KIH 


68.0 

75.4 

143 

218 

4 



66.8 

78.1 

127 

205 

5 

ml 

m 

66.8 

82.5 

140 

222 


B. Right hind leg immersed in water 94-99 C. 


1 

°C 

94 

sec. 

60 

1.204 

0.397 

67.0 

in 

85.4 

186 

2 

94 

60 

1.609 

0.476 

70.4 

Wmm 

66.2 

184 

3 

96 

60 

1.325 

0.410 

69.1 


88.9. 

194 

4 

98 

45 

1.245 


69.2 

■m 

108.6 

191 

5 

99 

45 

1.260 

KiS 

70.4 


94.4 

177 

6 

94 

30 

1.297 


68.1 

126 

92.5 

219 

7 

96 

30 

1.147 

■liB 

64.2 

134.6 

88.3 

223 

8 

96 

30 

1.264 

0.382 

69.8 

119 

90.7 

210 

9 

98 

30 

1.230 

0.397 

67.7 

134 

84 

218 


Opposite hind leg — not burned 


1 

1.643 

0.545 

66.8 

94.6 

115.8 

210 

2 

1.293 

0.456 

64.7 

89.6 

135 

225 

3 

1.079 

0.375 

65.2 

84.4 

134.5 

219 

4 

1.052 

0.339 

67.8 

77.2 

128 

205 

5 

1.014 

0.299 

70.6 

81.9 

117.4 

199 

6 

1.243 

0.383 

69.2 

74.7 


183 

7 

1.034 

0.374 

63 ..9 

73.9 

144 

218 

8 

0.928 

0.315 

66.0 

82.6 

146.8 

229 

9 

0.986 

0.325 

67.0 


141.9 

212 


C. Average of values in B on dry weight basis (jnEq. per kgm. dry weight) 



Na 

K 

Na+K 

Uninjured mice legs 

163 

250 

412 

Burned legs 

241 

171 

412 

(difference) 

(+78) 

(-79) 


Opposite legs 

158 

262 

420 

(difference) 

(-5) 

(+12) 

(+8) 


160 
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tracer of chloride^ in tivo experiments whicli showed that the movement of 
sodium into injured tissues is accompanied by a similar shift of halide. 

In one experiment muscle and slqn were analyzed separately for sodium (11) 
(table 3). The normally low content of sodium in muscle increased greatly 
after injury, in contrast, the normally high sodium in skin increased but slightly 
after injury. In the opposite uninjured leg, the sodium concentrations of both 
tissues were reduced; these low values were raised after therapy wdth 0.9% 
sodium chloride solution. 

Results in burn shock. In tissues burned by immersion in water at 
75°C. for 10 seconds the redistribution of potassium, sodium aUd water (table 4A) 
closely resembled that after tourniquet trauma. In sharp contrast, after immer- 
sion in water at 94:-99°C. for 30 to 60 seconds (table 4B) no extensive accumu- 
lation of water occurred in the burned leg (16). Nevertheless the burned leg 
lost potassium and gained sodium and the opposite uninjured leg conversely 
gained potassium and lost sodium. Although scant edema resulted, the con- 
stance of the value for Xa -f K shows that the potassium lost by the burned leg 
equalled the sodium gained. This is most apparent when the averaged values 
on a dry weight basis are compared (table 4C) 

Discussion. The several analj^ical methods employed gave essentially the 
same results, summarized graphically in figures 1 and 2. The results are expressed 
in terms of the drj'- weights for direct comparison. Tlie protein analyses® are 
included to give a more complete picture. Our analyses of injured tissues show 
complete agreement with those reported by Tabor and Rosenthal using chemical 
methods (17, 18). The tissue analyses of Ricci et al. (19) are given in terms 
of deviation from the opposite leg and the general direction of their results is 
similar. Insofar as it is possible to compare the analyses of injured tissues and 
edema fluid made by Brues, Zamecnik, Aub et al. (20), an influx of sodium and 
water into injured tissues and an outward movement of potassium are apparent. 
Bollman et al. (21) measured phosphate in injured tissues and described a 
decrease compared to the uninjured tissues analagous to our potassium data. 
It is of interest that Blalock (2) found that the concentration of chloride in the 
supernatant centrifuged from injured tissues was similar to the concentration in 
the plasma. 

It is important to recognize by reference to anatyses of normal skin (22) and 
to table 3, that if the injurj’- is confined to the skin which contains little potassium, 
or after more extensive injury, if the samples taken for analysis do not include 
muscle, extensive potassium changes uill not be found and less striking changes 
in sodium concentration nill be observed. 

® Radiochloride decays very rapidly and since bromide has been shown to be similarly 
distributed throughout tissues (15) , minute amounts of relatively longer-lived radiobromide 
serve well as a chloride tracer. 

' The total protein content (nitrogen by Kjeldahl x 6.25) of edematous injured legs was 
found equal to that of opposite uninjured legs. Edema resulting from an influx of plasma 
might be expected to increase the protein content by 10%. Electrophoretic analyses of 
leg edema-fluid disclosed components other than those characteristic of plasma proteins 
(7), i.e. no plasma albumin appeared in the injm-ed leg. 
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e-WMEQ/L.HiO 

Water content of entire leg 
69% rTTo 68% 



Fig. 1. The redistribution of potassium, sodium and water after trauma to one leg of mice. 
Values for Na and K are expressed in milliequivalents per kilogram of water. The values 
for protein are 31.1=bl.7, 18.5±1.6 and 30.7±1.7 grams per 100 grams of water in normal, 
injured and uninjured opposite legs, respectively. 



Normal injurep unimtured 


Fig. 2. Potassium, sodium and water content of tissues after traxima to one leg of mice. 
Values for Na and K are expressed in milliequivalents per kilogram of dry weight, water in 
cc. per kilogram of dry weight. The values for protein are 690, 620 and 650 grams per kilo- 
gram solids in normal, injured and uninjured opposite legs, respectively. 

In view of this agi-eement in data from several laboratories’' and, to our ' 
knowledge, the absence of conflicting data, it is important to consider the sig- 

" Dr. Holmes has very kindly supplied us with the wet and dry weights of the dog legs 
analyzed in a recent study of traumatic shock (35). When these Na and K analyses are 
calculated per kgm. dry weight or per kgm. water, the values are in good agreement with 
our values. 
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rdficance of these findings.® The gross swelling of the injured leg attests thfe 
movement of fluid into the region. As seen in table 5, an influx of plasma or 
interstitial fluid sufficient to account for the gain of 0.61 grams of water is insuf- 
ficient to account for the electrolj'^te changes. After allowing for such an influx, 
however, there is an excess of sodium which approximates the decrease in potas- 
sium, suggesting that an exchange of Na from extracellular fluid for intracellular 
K occurred. Thus, injury caused not only edema but also affected the meta- 
bolic activity of cells so that they no longer maintained the integrity of their 
cationic structure. ■ Syn optically three events occur: a) accumulation of 
extracellular fluid as edema in the region of injury; h) loss of considerable potas- 
sium from injured tissue cells; c) exchange of sodium from extracellular fluid 
for intracellular potassium extruded. 

The systemic effects of the first two events are reflected in the uninjured legs 
by their decrease in sodium and their increase in potassium. The effects of the 
third event are indirect. Removal of sodium -without water from extracellular 


Table 5. Electrolyte and water content of normal and injured leg 



WATER 

SODIUM 

POTASSIUM 



mEg. 

mEg. 

Normal leg 




Injured leg 









-fO.51 

-1-0.130 

-0.045 

Influx of EOF equal to gain in water 

0.51 

0.077 

0.002 

Unaccounted for 

0 

-t-0.053 

-0.047 


fluid reduces its sodium concentration® (and total cation) and hence lowers its 
osmotic pressure. Uninjured cells imbibe water from this hypotonic fluid (25) 
just as erythrocytes swell when placed in hypotonic saline solution. This 
swelling of cells of uninjured tissues, combined with the decreased sodium con- 
tent and hence reduced volume of extracellular fluid in such regions, accounts 
for the apparent contradiction that the water content of uninjured tissues is 
not significantly reduced despite the large amount of fluid gained by the injured 
region.i® Finally, hydration of cells very likely interferes with their function 

® After injury by exposure to freezing temperatures, similar shifts of Na and H^O have 
recently been reported (23) . 

® This shift of Na without equivalent amounts of water accounts for the observation that 
the Na concentration of venous plasma draining a burned limb is lower that the Na concen- 
tration of the entering arterial plasma (24). Plasma Na was decreased after severe burns 
(5, 34) and after bilateral tourniquet injury (34) when loss of Na into injured tissues 
exceeded removal of water by cells. 

A possible source of water is suggested by the negligible insensible weight loss of 
injured mice during a 6-hour interval in which uninjured mice without food and water lose 
about 10 % of body weight by insensible routes (34). Metabolism in shocked mice is 
markedly reduced (36). 
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and the water acquired by cells represents a definite loss of extracellular fluid 
volume-. 

Release of potassium from injured tissues is well kno^ra but the question of 
its toxicity has remained sub judice because the terminal plasma potassium con- 
centration in shock is below that observed in normal animals poisoned with 
potassium (17). However, Tabor and Rosenthal in a thorough investigation 
(17, 18) found that shocked animals exhibit a tenfold increase in sensitivity to 
injected potassium but not to other toxic substances. In addition, they found 
that in shocked rabbits killed immediately by injection of potassium, the plasma 
K Avas loAver than in normal rabbits killed by K injection but similar to the term- 
inal plasma-K-concentration in shock. Apparently after trauma, the resulting 
increase in potassium in uninjured tissues greatly augments the danger of its 
increased concentration in the plasma. It is noteworthy that injection of potas- 
sium salts into normal animals wdth isotonic extracellular fluid does not lead to 
increase in the potassium concentration of tissue water (25) but the simultaneous 
availability of excess potassium and hypotonic extracellular fluid in shock seems 
to permit water and excess potassium to enter uninjured tissue cells. Similarly, 
in adrenalectomized rats with decreased concentration of plasma sodium, there 
is an increased concentration of potassium in tissue cell-water and a specific 
sensitivity to potassium (26). 

Inasmuch as the outstanding clinical manifestation of shock is circulatory 
collapse (1), the possible influence on the circulation of these changes in the 
tissues warrants consideration. The accumulation of extracellular fluid in the 
injured leg can be e.xpected to decrease the volume of circulating fluid. Although 
this is the usual explanation for the decrease in plasma volume (2), Scott (27) 
found that the volume of fluid that accumulated in the injured region could not 
be correlated with death or survival. The significantly greater volume of fluid 
required for successful replacement therapy (3, 4) also points to a loss of extra- 
cellular fluid in addition to that occurring in the region of injury. Such ad- 
ditional reduction in extracellular fluid volume is revealed bj’’ these tissue analy- 
ses as occurring in the uninjured tissues by virtue of their imbibition of Avater 
from the hypotonic extracellular fluid (resulting from the third event described 
aboA^e). Thus, in table 5 the 0.053 mEq of sodium lost in damaged cells (above 
that in the 0.51 gram of fluid gained by the injured leg represents approximately 

/ 0.053 mEq. \ , . , . . , 

0.3 gram of extracellular water I -p— — = — ) AAmich is imbibed by the 

^ \0.15 mEq. Na per gram/ 

uninjured tissues, together Avith potassium extruded from the injured cells. 
In this manner the extracellular fluid volume is reduced b 3 '’ tAAm events occur- 
ring in the tissues : a) accumulation of extracellular fluid as edema at the site of 
injuiy, as emphasized by Blalock (2); 6) imbibition of AA^ater and potassium bj^ 
uninjured tissues from extracellular fluid rendered hypotonic by loss of sodium to 
injured cells. 

: The prompt occurrence of circulatory failure from redistribution of extra- 
cellular AA^ater following sodium depletion^^ has been carefully studied (28). 

“ This type of shock is not complicated by the influx of K released from injured tissues. 
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Likewise, Gilman (29) found that sodium-depleted dogs went into collapse 
after minor blood losses of no consequence to normal dogs. 

Since the degree of shock clinically varies with the severity, extent and nature 
of the injur3q it is of practical value to compare the changes in the tissues and 
the circulation after potentially fatal and non-fatal injuries (table 6). After 
the potentiallj'- fatal bilateral injury the potassium released into the circulation 
is approximatelj’' double that extruded alter the non-fatal injury to one leg. In 
sharp contrast the fluid accumulated in the two injured- legs is not double that 
lost in the single injury. However, the sodium deposited in exchange (col. h) 

0 088 

would make available - = 0.58 gi’am or nearlj’- twice as much extracellular 

U. iO 

water to enter uninjured cells. Thus the obvious local loss of 0.50 gl’am of 


Table 6. Comparison of fluid loss and eleclrolyle changes after single and bilateral tourniquet 

infurxj 



(fl) 


(c) 

td) 

(e) 

(/) 

(s) 

(A) 

K IK LEG 

i K 

DECRFASE 

1 BELOW 
NORMAL 
LEG 

1 

1 HiO IN 
i LEG 

1 

H 2 O ' 
INCREASE 
ABOVE 
NORMAL 
LEG 

Ka IN 
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0.049 

0.045 

1.07 
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— 

— 

Sum of both legs . . 

0.108 

0.080 

2.08 

0.50 

0.313 

0.163 

0.075 

0.088 


1 Normal and injured mice legs from table 1; drj"' weights similar. 


fluid (col. d) is associated with approximately 0.58 gram of concealed fluid loss. 
Their sum, 1.08 gram, is somewhat greater than the local and concealed fluid 


loss after single tourniquet injuiy: (0.52 (col. d) 0.3 



0.82 gram). 


Furthermore, with more extensive injury there is less uninjured tissue to absorb 
the additional potassium released from the injured cells and the extracellular 
water dissipated by the sodium exchange. The more seriousinjuryisnot associa- 
ted with a greater local loss of fluid but with greater electrotyte changes and osmotic 
shifts of fluid,localandsystemic. 

In burn shock, also, local fluid loss seemed relative^’- unimportant. Single 
legs burned at 75°C. for 5 seconds gained fluid like single-tourniquet legs and 
the mice sur^dved although the burned legs became gangrenous and sloughed 
awaJ^ In distinct contrast, single legs burned at 95°C. for one minute gained 
practically no fluid, as fh-st pointed out by Prinzmetal, Bergman and Hechter 
(16); nevertheless, most of these mice died soon after scalding. Prompt admin- 
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istration of 20% of body weight of 0.9% sodium chloride solution was without 
benefit; a result to be anticipated in view of the fact that local fluid and sodium 
losses were trivial. The rapid release of potassium from the burned tissues into 
the circulation may have proven fatal in many of the mice that died -with con- 
vulsions similar to those seen in normal mice poisoned with potassium. In 
some slightly less severely burned mice that appeared in good condition 5 hours 
later, higher potassium values in uninjured tissues were found, suggesting that 
when a greater portion of the extruded potassium entered peripheral tissues, 
lethal concentrations in vital tissues Avere avoided. The sodium exchange 
resulted in some Avater shift^^ into uninjured cells aftei’ the inevitable relative 
hypotonicity of extracellular fluid. 

Thera'peuHc indications. These experiments indicate tAvo fundamental re- 
quirements for effectiA’’e shock therapy: a) restoration of extracellular fluid 
volume; h) removal of the potassium released. Experimental (17, 18, 14) and 
clinical (5) investigations including plasma and urine analj'^ses haA^e shoAAm that 
these objectives are accomplished in most instances bj’- the prompt administra- 
tion and absorption of isotonic solutions of sodium salts equal to 10-15% of 
body AA''eight in the first 24 hours after injury. 

It is significant that the most recent recommendations (33) of the Subcom- 
mittee on Shock of the National Research Council state “Replacement therapy 
in the first 48 hours thus invoh^es fluid*^ volumes totalling 8000 to 15,000 cc.” 
and suggest that acidosis be corrected. 

SUMMARY AND CONCLUSIONS 

1. Tissues injured b}" tourniquet trauma or by scalding at lost potas- 
sium and gained sodium in addition to a considerable gain of extracellular fluid 
(water and sodium). Burns produced at 94-99°C. shoAA’-ed no significant local 
fluid accumulation but tissue-cell potassium was extruded and an equiAmlent 
intracellular gain of sodium occurred. 

2. Despite considerable edema at the site of injury, the opposite uninjured 
leg did not lose appreciable Avater but lost sodium and gained potassium, point- 
ing to extracellular dehydration AAuth intracellular SAA'elling. 

3. ExtensiA'-e local fluid loss AA-as correlated AA^th non-fatal injuries. 

4. Death in shock AA-as not correlated AA-ith extensive local fluid loss but AAuth 
extrusion of considerable potassium from injured tissue cells and their acquisition 
of an equivalent amount of sodium. This exchange resulted in swelling of unin- 
jm-ed tissue cells throughout the body, leading to additional reduction in extra- 
cellular fluid and blood Amlumes. 

The resulting decrease in blood volume might be the cause of the vaso constriction 
observed by Page (31). Any increase in the osmotically active constituents of uninjured 
cells (Fenn, 32) would further reduce blood volume by imbibition of water from the plasma; 
CAddence that this occurred is provided by the extremely high plasma sodium concentra- 
tions — over 168 mEq. per liter compared to the normal value of ISO — found after high 
temperature burns and the elevated hematocrit values of 55-65 %. 

Recent comparative studies (37) showed that, in burn shock, solutions of albumin or 
other colloids or dextrose without Na were of no value and that the effect of colloids dis- 
solved in 0.9% NaCl could be attributed to their sodium and water. 
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Expressing the rate of tubular reabsorption of a substance in terms of milli- 
grams or millimols per 100 ml. of glomerular filtrate sen’-es to bring into agree- 
ment data obtained in animals of varying sizes and renal fimctional capacities. 
A correlation between glomeiiilar and tubular function is to be expected on 
morphological grounds, for, in general, tubular mass is proportional to size and 
numbers of glomeruli. Of more physiological interest is whether or not the 
capacity of the renal tubules of a given animal to reabsorb some specific substance 
is functionally related to the glomerular filtration rate, in the sense that a 
functional increase in filtration rate is accompanied by an equivalent increase in 
rate of reabsorption. The reabsorptive mechanisms for chloilde and bicarbonate 
exhibit this property (1, 5, 10), that for glucose does not (11). The latter mech- 
anism exliibits a limited transfer capacit 3 '-, which in a given animal is fixed and 
independent of glomerular filtration rate. 

Harrison and Harrison (3), and Barclay and Kenney (2) have claimed that the 
rate of reabsorption of phosphate is direct^ proportional to filtration rate. Pitts 
and Alexander (8, 9) have expressed the opposite view, namely that the tubular 
capacity to reabsorb phosphate is fixed, limited and independent of filtration rate 
in the same sense as is the tubular capacity to reabsorb glucose. Since none of 
the studies cited above has been sufficiently critical to provide an unequivocal 
answer to the question, we have undertaken a reinvestigation of the relation 
between phosphate reabsorption and glomerular filtration. Interest in this prob- 
lem stems from the necessity to describe accuratelj’' the several renal mecha- 
nisms for reabsorption of electrolytes in order to understand the means by which 
the ionic pattern and total ionic concentration of the body fluids is established and 
maintained. Our results indicate that the tubular reabsorptive capacity for 
phosphate, like that for glucose and unlike those for chloride and bicarbonate, is 
fixed, limited and independent of filtration rate. 

Methods. Our experiments have been performed on two trained female dogs 
adequatelj'’ hydrated at the start of each experiment by the administration of 
500 ml. of water by stomach tube. The rate of glomerular filtration was varied 
bj”^ altering both the protein content of the maintenance diet and the time after 
the last meal at which the experiment was perfonned.^ Minimum filtration rates 

* Aided by grants from the United States Public Health Service and the John and Mary 
R. Markle Foundation. 

° In preliminary e.xperiments it was found that the rate of phosphate reabsorption was 
depressed by saturation of the tubular mechanism for the reabsorption of alanine or glycine. 
Elevation of plasma amino nitrogen from a normal value of 4 or 5 mgm. % to 25 mgm. % by 
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were obtained with the animal in a postabsorptive state (12 to 14 hours after 
feeding) following maintenance on a cracker-meal diet for 2 weeks or more. 
Intermediate values were obtained with the animal maintained on a dog chow 
diet or on a ground beef-heart diet. The highest filtration rates Avere obtained 
in animals 3 hours after a meat meal (6). Plasma phosphate concentration was 
elevated to 3.5 to 5.5 millimols per liter by the intravenous infusion of neutral 
(pH 7 .4) sodium phosphate . At such plasma levels the phosphate load presented 


Table 1. Experiments on dog 1 which illustrate the independence of the absolute quantity 
of phosphate reabsorbed by the reiial tubules and the rate of glomerular filtration 


Filtration rate was altered by varying the protein content of the maintenance diet and 

the time following the last meal 


URINE FLOW 

i 

i GLOMERULAR 

' PHOSPHATE 

1 FILTRATION 
RATE 

1 

Plasma 

I concentration 

1 Filtered j 

1 1 

1 Excreted 1 

Reabsorbed 

Fasting — carbohydrate diet 

ml/min. 1 

1 

ml/mvi 

mM/L 

m^f/mtn. j 

mM/vtin 

niMjmin. \ 

mMjlOO ml. 
filtrate 

3.4 

64.2 

4.55 

0.292 ' 

0.159 

0.133 

0.207 

3.1 

68.7 

4.88 

0.335 ! 

0.206 

0.129 

O.ISS 

2.8 

68.7 

5.22 

0.359 1 

0.231 

0.128 

0.187 

2.8 

j 68.6 

5.55 

0.381 1 

1 

0.251 

0.130 

0.190 


Fasting — meat diet 


9.1 

80.0 

4.55 

1 0.364 

0.237 

WSM 

0.159 

9.7 

83.0 

4.70 

0.390 

0.265 


0.151 

10.8 

85.3 

4.84 

0.413 

0.290 


0.144 

10.3 

80.0 

4.95 

0.396 

0.272 

0.124 

0.155 


Absorptive — meat diet 


10.0 

105 

4.39 

0.461 

0.335 

WSM 

0.120 

7.9 1 

107 

4.60 1 

0.492 1 

0.372 



7.0 

108 

4.73 

0.511 

0.371 

0.140 


9.0 

105 

4.70 

0.495 

0.365 1 

1 0.130 ! 

1 

0.124 


to the tubules in the glomemlar filtrate exceeds by some 2.5 to 5 times then- 
capacity to reabsorb. Hence saturation of the tubular mechanism is assured and 
the rate of phosphate reabsorption (Tm PO4) becomes a valid measure of one 


the infusion of alanine resulted in a depression of phosphate reabsorption to about 35% of 
its control value. Thus, acute experiments in which glomerular filtration rate was elevated 
by the infusion of amino acids were not deemed feasible. It was found that there was no 
significant difference between the fasting plasma amino nitrogen concentrations of animals 
maintained on a carbohydrate and on a meat diet. Even 3 hours after a meal of 2 pounds 
of ground beef heart there was a rise of only 1.5 mgm. % in the plasma amino nitrogen. It 
was felt that such minor increases in plasma amino nitrogen would be without any signifi- 
cant effect on phosphate reabsorption. 
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discrete renal function. The creatinine clearance has been used as a measure of 
glomerular filtration rate. Chemical methods and calculations have been 
described in a previous communication (9). 

Results. Three representative experiments on dog 1 are presented iii table 1. 
When the animal was studied in a postabsorptive state during maintenance on a 
carbohydrate diet, the glomerular filtration rate averaged 67.5 ml. per minute; 
on a meat diet, 82.1 ml. per minute; and three hours following a large meat meal, 
106 ml. per minute. At plasma concentrations between 4.39 and 5.55 millimols 



MILULtrERS PER MINUTE 

Fig. 1. Experiments illustrating the independence of the absolute quantity of phosphate 
reabsorbed (expressed in millimols per minute) and the rate of glomerular filtration. Data 
from 18 experiments on dogs 1 and 2. 

per liter the quantity of phosphate filtered through the glomeruli far exceeded the 
quantity which the tubules could reabsorb. Consequently, large quantities of 
phosphate were excreted in the urine. In the last two columns of table 1, the 
quantity of phosphate reabsorbed is presented in two ways: first, in absolute 
terms of millimols reabsorbed per minute, calculated as the difference between the 
quantity filtered and the quantity excreted; and second, in terms of millimols per 
100 ml; of glomerular filtrate, calculated as the dividend of the absolute amount 
reabsorbed by the filtration rate times 100. It is apparent that the absolute 
amount of phosphate reabsorbed is constant within limits of 0.120 and 0.140 
millimols per minute despite large changes in filtration rate. Such variations as 
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are observed in this series are well within the range of experimental error. In 
contrast, the quantity of phosphate reabsorbed per 100 ml. of glomerular filtrate 
is far from constant, ranging from 0.112 to 0.207 millimols and varies as an in- 
verse linear function of glomerular filtration rate. 

In all, 18 similar experiments were performed on 2 dogs. The absolute 
quantity of phosphate reabsorbed is plotted in figure 1 against glomerular fil- 
tration rate. In dog 1 the mean rate of reabsorption was 0.132 millimols per 
minute; in dog 2, 0.070 millimols per minute. In neither animal is there evidence 
of any consistent variation in the quantity of phosphate reabsorbed with glo- 
merular filtration rate, although the latter was varied over a range of nearly 100% 
in each of the 2 animals. Rather, rate of reabsorption remains constant within 
reasonable limits of experimental variation at a value which is characteristic for 
a given animal. Thus, calculations of the quantity of phosphate reabsorbed per 
100 ml. of glomerular filtrate have no functional significance in the normal dog. 

Discussion. It is generally conceded that in the normal mammalian kidney 
all glomeruli are functioning at all times (11, 14) . Changes in filtration rate such 
as those produced by altering the protein content of the diet are brought about 
by changes in afferent and efferent anteriolar tone, whereby the effective intra- 
capillary filtration pressure is altered (7) . An increase in filtration rate does not, 
therefore, result from the opening up of previously quiescent glomeruli, but rather 
from an increase in the quantity of filtrate formed in each glomerulus. The 
entire tubular reabsorptive mass is normally functional at all times. 

The renal tubular mechanisms for the reabsoiption of glucose and phosphate 
may be saturated in their entireties by sufficient elevations of their respective 
plasma concentrations, even at the low glomerular filtration rates observed when 
protein intake is restricted. When saturated the tubular cells transfer these 
solutes at maximal rates, and' an increase in filtration rate is without effect on 
reabsorption. 

The mechanisms responsible for the transfer of chloride and bicarbonate are 
fundamentally different, for the reabsorption of these ions is related to the re- 
absorption of water. Some 80 to 90% of the fluid filtered at the glomeruli is 
reabsorbed in the proximal tubules (12), and this reabsorption appears to be es- 
sentially isosmotic (13). Since sodium, chloride and bicarbonate constitute 
the majority of the osmotically active constituents of the filtrate, it follows that 
these ions must be reabsorbed in the proximal tubule more or less in direct propor- 
tion to the reabsorption of water. It has been previously shown that the quan- 
tity of each of these ions reabsorbed per unit of time is directly related to the glo- 
merular filtration rate (5; 10); obviously the quantity of water reabsorbed is 
likewise related to filtration rate. 1) Does the active reabsorption in the proximal 
tubule of some ion such as sodium determine the reabsorption of water, and do 
certain other ions such as chloride and bicarbonate (but not phosphate) foUow 
passively by diffusion; 2) does the active reabsorption of water in the proximal 
tubule condition the back diffusion of the three major ionic constituents; or 3) 
does the colloid osmotic force resident in the concentrated plasma proteins of the 
peritubular capillaries detennine the diffusion of both w'ater and ions through the 
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epithelium of the proximal tubules? There is at present no conclusive evidence 
to support any of these possible views. If, however, the proximal tubules were 
relatively permeable to water and to sodium, bicarbonate and chloride ions, the 
colloid osmotic pressure of the plasma proteins could cause the return of fluid 
to the peritubular capillaries. Furtheimore, the greater the rate of foimation 
of filtrate, the greater would be the force available for the return of fluid. Thus 
the rate of reabsorption of chloride, bicarbonate and sodium would be propor- 
tional to the rate of formation of glomerular filtrate. In addition to this proximal 
tubular mechanism dominated bj'- the physical force of colloid osmotic pressure, 
there must obviously be active tj'-pes of distal tubular reabsorptive mechanisms 
capable of preferential reabsorption of ionic constituents and even of nearly 
complete removal of certain of them from the final urine. 

Evidence at present available indicates that the reabsoiptive mechanism for 
sulfate is similar in its properties to that for phosphate although distinct from 
it (4). It is therefore apparent that there are no less than two broad general 
categories of reabsorptive mechanisms for electroljdes ; namel}’", those in which 
rate of transfer is fixed, limited and independent of glomerular filtration rate, 
e.g., phosphate and sulfate; and those in which the rate of transfer is propor- 
tional to glomerular filtration rate, e.g. sodium, chloride and bicarbonate. Gen- 
eralizations such as those of Barclay and Kenney (2) based on an assumed quaU- 
tative similarity of the reabsorptive mechanisms for all ions are therefore er- 
roneous. 

There is the possibility that circumstances could be found under which the 
absolute reabsorption of phosphate might vary in proportion to the rate of glo- 
merular filtration. If filtration rate were reduced by the complete closure of 
some glomeruli, the reabsorptive capacity exhibited bj’’ their attached tubules 
would be lost. Such closure of glomeruli might be expected to occur in shock 
and in severe dehydration . It is possible that some of the discrepancies between 
the results presented above and those described by Harrison and Harrison (3) 
might be explained on this basis, for they reduced filtration rate by dehydration 
induced by hypertonic peritoneal lavage and bj’’ the use of diuretics. 

It seems scarcely necessary to point out that when errors are introduced into 
the deteimination of filtration rate as a result of failure to collect completely 
the urine formed within a specified time inteiwal, an equal error will be introduced 
into the determination of reabsorptive capacity for phosphate. Correcting 
such results to any standard filtration rate will obviousty reduce variability. 
Certain other discrepancies between published work and our o^vn results may be 
explained on this basis. 


SUMMARY 

In a series of 18 experiments performed on 2 dogs the rate of tubular reab- 
sorption of phosphate was assessed at sufficiently high loads to assure saturation 
of the reabsorptive mechanism. It was found that rate of phosphate reabsorp- 
tion expressed in millimols per minute was constant for a given animal and in- 
dependent of glomerular filtration rate when that rate varied over a wide range 
bj^ altering the protein content of the diet. 
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There is general agreement that the posterior pituitary gland is concerned with 
the excretion of water by the kidney. It has been a universal experience that the 
urinary chloride concentration is increased during the antidiuretic action of the 
hormones of the posterior pituitary, but the experience regarding the rate of 
chloride excretion during the antidiuresis has been more variable. 

Reports on the effect of whole posterior pituitary extracts in rats (1, 2, 3) and 
in dogs (4, 5) agree that the rate of chloride excretion is increased. It has been 
reported that pitressin increased the rate of chloride excretion in dogs (6). A 
transient early increase in the chloride excretion rate in dogs occurred during the 
repeated administration of the more slowly absorbed pitressin tannate in oil (7). 
On the other hand, in two patients with diabetes insipidus the excretion of sodium 
and chloride was less during pitressin therapy than during a period without 
treatment (8). 

Some doubt has arisen as to whether or not the increased rate of excretion of 
chloride following the administration of posterior pituitary extracts can be attrib- 
uted to the antidiuretic hormone itself. Fraser (9) found that an oxytocic 
principle was much more effective in increasing the rate of chloride excretion in 
non-hydrated rats and dogs than was a pressor principle, and Dicker and HeUer 
(10) found that in rats small amounts of pitocin or pituitrin produced a significant 
increase in the rate of chloride excretion, while pitressin was vdthout effect. 
Hare, Hare, and Phillips (11) reported that pitressin had no effect upon the 
tubular reabsorption of chloride in dogs. Ralli et al. (12) reported that pitressin 
lost its chloruretic activity during dialysis while it retained its antidiuretic 
activity. 

Another difference of opinion concerns the question as to whether the posterior 
pituitar 3 ’' hormones have a specific effect upon the tubular reabsorption of 
chloride, or whether the effect is incidental to other changes such as increased 
water reabsorption or increased glomerular filtration. Silvette (2) concluded 
that in the rat a posterior-pituitary extract had an effect directly upon the reab- 
sorption of chloride by the tubule. In dogs Shannon (5) found that a posterior- 
pituitary extract caused an increased excretion of sodium and chloride in 3 of 4 
dogs with experimental diabetes insipidus. There was no change in the rate of 
glomerular filtration with the relatively low dosage used, and he concluded that 

^ Presented in part before the American Physiological Society, Chicago, 1947. Ped. 
Proc. 6:222, 1947. 
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there was a depression of chloride reabsorption by the tubules. Hare, Hare, and 
P hilli ps (11), however, concluded that in the dog with diabetes insipidus, pitressin 
(0. 1-2.0 inU) produced a marked decrease in urine flow without an increase in 
chloride excretion. In a review of the problem of water excretion. Smith (13) 
states that the chloruretic action of posterior-pituitaiy hormones is possibly not 
a specific effect upon chloride reabsorption in the tubules but may be referable to 
a change in the glomerular filtration rate. 

We have studied the effect of pitressin upon the urinary water and chloride 
excretion and the urinary chloride concentration in hydrated and non-hydrated 
human subjects. 

Procedure. Twenty-eight patients, who were hospitalized for diagnostic 
study, were used as subjects. None of these showed any evidence of endocrine 
dysfunction, nor of disturbances of fluid or acid-base balance. A test of the con- 
centrating capacitj^ of the kidneys in these subjects revealed only one in whom 
there was evidence of considerable renal functional impairment. 

First day. Starting at 9 a.m. the subjects drank 200 cc. of tap water every 30 
minutes until 5 p.m. to insure hydration. Lunch, consisting of the house diet, 
was taken as usual. At 2 p.m. the subject voided and the specimen was 
discarded. At 3 p.m. the subject voided as completely as possible, and this speci- 
men was saved and analyzed as the control specimen. Immediately after 
voiding, the subject received 10 units of pitressin (Parke, Davis & Co.) intra- 
muscularly. At 4 and 5 p.m. the subject again voided completely, and these 
specimens were saved for analysis. 

Second day. At 2 p.m. on the following day the procedure was repeated with- 
out special hydration procedure, water being taken ad lib. Blood was drawn at 
3 P.M. for determination of the serum chloride concentration. The serum 
chloride concentrations were deteimined according to the procedure of Wilson 
and Ball (14), and the urinary chloride concentrations were determined according 
to a modified Volhard-Haiwey procedure (15). The rate of cliloride excretion, 
expressed as mgm. NaCl per hour, was calculated from the urine volume and the 
chloride concentration. 

In 4 subjects water diuresis was produced by drinking 200 cc. of tap water ever 3 '’ 
30 minutes for 3 hours. The urinary chloride concentration and excretion rate 
was deteimined on hourly voided urine samples. 

Results. The relationship between the serum chloiide concentration and the 
excretion of chloride. In order to deteimine if the seram chloride concentration 
affected our results, the significance of the difference between the mean values 
obtained for urinary cliloride concentration and excretion rate in the subjects in 
which the serum chloride concentration was less than 98 mEq/1 (mean = 93) and 
the mean values in the subjects in which the serum chloride concentration was 
greater than 100 mEq/1 (mean = 103) was compared statistical^ using Fisher’s 
i test. For this purpose the data were also divided into hydrated and non- 
hydrated groups. 

The difference between the means, in the above groups of subjects, for none of 
the following measurements was significant at the 5% lei'el: the control chloride 
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concentration, the control chloride excretion rate, and the chloride excretion rates 
for the first and second post-pitressin hours. 

The relationship between the hydration state and the excretion of water and chloride. 
In order to determine if the state of hydration affected chloride excretion, the 
significance of the differences between the mean values obtained for the rate of 
water excretion and the urinaiy chloride concentration and excretion rate ivere 
examined statisticallj’’ in the hydrated versus the non-hydrated groups. The 
results are found in table 1. As one woidd expect, the control rate of water ex- 
cretion was significant!}'- greater in the hydrated subjects. The control urinary 
chloride concentration was significantly greater in the non-hydrated group. The 
rate of water excretion during the first post-pitressin hour was significantly 
greater in the hydrated than in the non-hydrated subjects, but the chloride 
excretion rates in the post-pitressin hours did not differ significant!}’- between the 
hydrated and non-hydrated groups. 


Table 1. Relation between lujdralioyi stale and various measurements. Chloride 
eoncenlralion expressed as m.Ecj./L, chloride excretion as mgm./hr. NaCl, 
water excretion as cc/hr. II = hydrated. Nil = non-hydrated 
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The effect of pitressin on the urinary chloride concentration when the rate of water 
excretion was not decreased. In 18 experiments on 16 subjects (table 2) there was 
either no significant change in the rate of water excretion during the first post- 
pitressin hour or the rate was increased. In 15 of these experiments the urinary 
chloride concentration was increased during this hour. The rate of chloride 
excretion was also increased. In 3 experiments both the chloride concentration 
and the rate of excretion decreased during the first post-pitressin hour. 

The effect of water diuresis on the iirinary chloride concentration. In 5 experi- 
ments on 4 subjects (table 3) the urinar}’- chloride concentration decreased pro- 
gressively during water diuresis. The rate of chloride excretion was somewhat 
erratic during the diuresis. 

The effect of pitressin on the urinary rate of chloride excretion when there was a 
decreased rate of xuater excretion. In 47 of the total of 65 experiments (table 4) the 
rate of water excretion decreased during both the first and second post-pitressin 
hours. With two exceptions, the urinary chloride concentration in these subjects 
increased. The effect of pitressin on the rate of chloride excretion, however, was 
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variable. When compared with the control rate, the rate of chloride excretion 
decreased during the first post-pitressin hour in 25 of 37 experiments and during 


Tabi.e 2. The effect of 10 vnits pitressin on chloride excretion when there was little 
change or an increase in water excretion 


1 

SXJBJECT 1 
NUMBER 

X7EINE VOLUME CC./UR. | 

URIHE CBLORIDE CONCENTRATION MEQ/l' 

TOTiVL CHLORIDE EXCRETION MGM./hR. 

Control 1 
Hour 1 

1 Post-Pitressin 
Hour 1 

Control 

Hour 

Post-Pitressin 
Hour 1 

% 1 
Change 

Control 

Hour 

1 Post-Pitressm i 
Hour i 1 

1 % 
Change 


Non-hydrated 


(1) 

60 

62 

13.60 

48.96 

+258 

48 

193 

+302 

(2) 

30 

25 

44.20 

105.40 

+139 

78 

155 

+98 

(3) 

20 

24 

28.56 

36.72 

+28 

34 

52 

+53 

(4) 

50 

69 

21.08 

92.48 

+339 

62 

375 

+505 

(5) 

15 

67 

17.00 

36.04 

+112 

15 

142 

+847 

(6) 

26 

no 

86.36 

117.64 

+36 

132 

761 

+477 

(7) 

147 

173 

36.72 

44.20 

+21 

318 

450 

,+42 


Hydrated 


(7) 

224 

219 

21.76 

33.. 32 

+53 

287 

429 

+49 

(7) 

42 

372 

23.80 

40.12 

+69 

59 

878 

+ 1390 

( S ) 

ISO 

195 

31.28 

18.56 

-41 

331 

211 

-36 

(9) 

184 

200 

16.32 

27.20 

+67 

177 

320 

+81 

(10) 

172 

215 

25.16 

42.84 

+70 

255 

542 

+112 

(11) 

38 

126 

7.48 

13.60 

+82 

17 

101 

+495 

(12) 

52 

75 

19.72 

50.32 

+ 170 

60 

222 

+270 

(131 

25 

120 

14.96 

23.12 

+54 

22 

163 

+640 

(14) 

178 

205 

13.60 

10.20 

-25 

142 

123 

-14 

(15) 

248 

285 

48.96 

15.64 

-68 

714 

262 

-63 

(16) 

120 

220 

6.80 

.34.00 

+400 

48 

440 

+816 


' Expressed as NaCl. 


Table 3. Chloride excretion during xvater diuresis 


SUBJECT 

HOUR 1 

HOUR 2 

HOUR 3 

Volume 

Conen. 

Excretion 

Volume 

Conen. 

Excretion 

Volume 

Conen. 

Excretion 


cc. 

mEq/l 

ingm/hr 

cc. 

mEqll 

mgmihr 

CC. 

mEqfl 

mgm/hr 

(il) 

30 

210.0 

368 

80 

195.0 

905 

75 

132.4 

576 

(W) 

56 

229.1 

744 

126 

103.5 

756 

.398 

22.2 

513 

(W) 

45 

126.4 

330 

213 

29.1 

359 

354 

14.9 

305 

( S ) 

122 

12.0 

85 

265 

1.7 

26 




( R ) 

412 

8.6 

306 

380 

7.7 

169 

207 

6.0 

72 


the second hour in 30 of 46 experiments. In the remainder of the experiments 
the rate of chloride excretion increased. The discrepancy in the total number of 
experiments between the data for the first and second post-pitressin hours is due 




Table 4 . The effect of 10 units pilressin on urinary chloride concentration 
and excretion xohen there was a decrease in water excretion 


TOINE VOLUME CC./hE. 

CHLORIDE CONCENTRATION MEQ./l. 

TOTAL CHLORIDE EXCRETION 

mcji./hr. 

Control 

Hr. 

Hr. 1 

Hr. 2 

Control Hr. 

Hr. 1 

Hr. 2 

Control 

Hr. 

Hr. 1 

Hr. 2 


Non-hydraled 


1 

60 

1 

1 

15 1 

13.60 


69.36 

48 ■ 

- 

61 

6 

202 

164 

65 

36.72 

42.16 

88.40 

436 

407 

338 

7 

147 

1 

1 

31 

36.72 


93.16 

318 


170 

7 

91 

50 

29 

59.16 

99.28 

129.20 

317 ■ 

292 

220 

8 

283 

65 

67 

19.72 

51.00 

51.00 

528 

195 

201 

9 

220 

80 

145 

12.92 

12.24 

21.76 

167 

58 

186 

10 

221 

76 

55 

25.16 

42.84 

95.20 

255 

542 

336 

11 

164 

148 


17.00 

47.60 


164 

414 


. 13 

70 

47 

60 

40.80 

74.12 

85.00 

168 

- 218 

300 

14 

72 

48 

22 

108.80 

58.48 

99.28 

461 

165 

128 

15 

175 

75 

37 

36.04 

50.32 

94.52 

371 

222 

206 

16 

160 

90 

24 

30.60 

66.64 

125.80 

288 

353 

178 

17 

217 

79 

108 

37.40 

44.80 

85.68 

477 

209 

544 

18 - 

140 

39 

34 

42.50 

129.88 

140.80 

350 

298 

286 

19 

215 

17 

40 

19.04 

62.56 

49.64 

241 

63 

117 

20 

80 

25 

16 

9.52 

28.60 

28.60 

45 

42 

27 

21 

43 

28 

15 

24.48 

36.04 

38.76 

■ 62 

59 

34 

22 

192 

32 

31 

30.60 

52.36 

51 . CO 

346 

96 

93 

22 

182 

60 

68 

46.24 

108.12 

61.88 

495 

382 

248 - 

23 

98 

49 

36 

17.68 

18.36 

26.52 

102 

53 

56 

24 

59 

44 

22 

66.64 

65.96 

125.80 

231 

171 

163 

25 

92 

47 i 

27 

101.32 

155.04 

165.24 

548 

429 

262 

26 

150 

37 

28 

51.00 

70.04 

105.40 

450 

152 

174 


Hydrated 


1 

385 

225 

52 

10.20 

29.27 

85.40 


387 

260 

2 

105 

60 

48 

73.76 

90.44 

126.48 


319 

357 

3 

178 

94 

61 

1.36 

10.88 

20.40 


60 

73 

4 

222 

37 

40 

8.84 

108.12 

93.50 

115 

235 

220 

5 

260 

1 143 

103 

12.24 

40.12 

90.00 

187 

337 

544 

6 

227 

94 

69 

58.48 

90.44 

119.26 

Ml 

500 

486 

6 

120 


42 

23.12 


29.58 

mm 


73 

7 

224 


27 

21.76 


136.00 

287 


216 

8 

180 


60 

31.28 


61.88 

331 


218 

9 

184 


65 

16.32 


110.80 

177 

1 

424 

10 

172 


60 

25.16 


95.20 

255 


336 

12 

52 


38 

19.72 


48.28 

60 


108 

14 

178 


60 

13.60 


22.44 

142 


79 

15 

248 


53 

48.96 


79.56 

714 


247 

17 

79 

37 

60 

57.12 

76.84 

86.36 

265 

167 

305 

18 

83 

18 

20 

29.24 

46.24 

27.88 

143 

49 

33 

19 

214 

23 1 

21 

16.66 

52.36 

78.88 

210 

71 

97 

20 

162 

18 

103 

2.04 

31.28 

8.16 

19 

33 

49 

21 

283 

27 

19 

20.40 

45.56 

98.60 

340 

72 

110 

22 

215 

139 

47 

27.88 

1 59.16 

84.32 

353 

484 

23.3 

23 

181 

42 

24 

14.96 

23.86 

27.80 

159 

59 

39 

24 

320 

24 

39 

22.44 

144.84 

78.20 

422 

204 

179 

26 

420 

205 

60 

6.80 

21.08 

62.56 

168 

254 

221 

27 

202 

160 

83 

12.24 

43.52 

70.72 

145 

410 

345 


178 
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to the inclusion of experiments in the latter when the rate of water excretion did 
not decrease in the first hour (table 2) but did decrease in the second hour. 

Discussion. The relationship between the serum chloride concentration and the 
hydration state and the excretion of water and chloride. The statistical analysis of 
the data for the relationship between the serum chloride concentration and the 
excretion of chloride clearly indicated that the control chloride concentration, the 
control chloride excretion rate and the effect of pitressin on the chloride excretion 
rate are not related to the serum chloride concentration. 

The control urinary chloride concentration ivas greater in the non-hydrated 
than in the hydrated subjects. Since it has been demonstrated that in the adult 
human being the glomerular filtration rate is not specifically related to hydration 
(19), the difference must represent a decreased water reabsorption or a greater 
tubular chloride reabsorption or the resultant of both factors in the hydrated 
group. 

The fact that the rate of water excretion during the first post-pitressin hour 
Avas significantly gi-eater in the hydrated than in the non-hydrated subjects AA^hile 
the rate of chloride excretion during the post-pitressin hours Avas not significantlj’’ 
different betAveen the tAvo groups of subjects suggests that the cliloride excretion 
rate folloAAung pitressin ma}’- vary independently of the Avater excretion rate, and 
that separate control factors may be involved. 

An increase in urinary chloride concentration when the rate of water excretion was 
not decreased by pitressin. , The data in table 2 shoAv that in this group of subjects 
the urinary chloride concentration increased. The usual explanation for the 
increased urinary chloride concentration folloAving pitressin is that Avater reab- 
sorption is greatly increased by pitressin, and the increased urinary chloride con- 
centration results because of a lesser reabsorption rate. HoAvever, in these 
experiments the Avater excretion Avas either unchanged or it was increased; so the 
increased chloride concentration cannot be explained by preferential Avater reab- 
sorption. 

Assuming that if the rate of glomerular filtration of cliloride Avere unchanged 
by pitressin, an increased urinary chloride concentration might occur if there Avere 
a decrease in the rate of diffusion of chloride from the tubular fluid across the epi- 
thelium to the blood. A decrease in chloride diffusion might occur if the diffusion 
gradient betAA^een tubular fluid and the plasma AA'ere decreased. This could occur 
if the plasma chloride concentration AA’^ere increased by pitressin, Avhich is certainly 
unlikely in these experiments. A decrease in chloride diffusion might also occur 
if the duration of the exposure to the reabsorbing epithelium Avere diminished due 
to a more rapid Aoav through the portion of the tubule concerned AAuth chloride 
reabsorption. Such a situation might conceivably exist in these experiments, 
especially in the hydrated subjects, if pitressin absorption had not occurred, and 
if one Avere dealing AAuth Avater diuresis alone. However, it will be seen in table 
3 that during Avater diuresis in 4 subjects (5 experiments) there Avas a consistent 
decrease in urinary chloride concentration. Therefore, it does not seem possible 
to explain the observed increase in .urinarj’- chloride concentration folloAAdng 
pitressin in these experiments on the basis of decreased diffusion. 



180 


LITTLE, WALLACE, WHATLEY AND ANDERSON 


Another factor which might increase the urinary concentration of chloride must 
be considered. If pitressin increased the rate of glomerular filtration, and if the 
proximal tubule reabsorbed some constant fraction of the .filtrate water without 
reabsorbing chloride to the same extent, then it is conceivable that an increased 
concentration of chloride would be presented to the more distal portions of the 
tubule, and thus chloride might appear in the bladder urine in a higher concen- 
tration. The results of studies of the effect of posterior-pituitary preparations 
on glomerular filtration rate are quite variable. Walker et al. (17) report that in 
11 dogs receiving 0.5 cc. of pituitrin subcutaneously, 6 showed an increased 
glomerular filtration and 5 showed a decreased filtration rate. Dicker and Heller 
(10) reported that in rats 0.3 mU/100 gi’ams of body weight of pitressin resulted 
in a significant increase in the glomeralar filtration rate whereas 3.0 mlJ/lOO 
grams resulted in no change in the mean glomenilar filtration rate, although some 
individuals showed either a significant increase or decrease. Hare et al. (11) 
reported that pitressin did not affect the glomerular filtration rate in a dog with 
diabetes insipidus. Burgess, Harvey, and Marshall (18) reported that in one 
human subject there was an initial slight decrease in the glomerular filtration rate 
following 0. 1 U /kgm. of pitressin, which was followed bj" a slight increase; another 
subject showed only an increase (17-21%). In 2 dogs 0.5 and 0.2 U/kgm. of 
pitressin resulted in a slightlj'- decreased glomerular filtration rate in both 
instances. It appears that the effect of pitressin on the glomerular filtration rate 
is quite variable and is not veiy marked. 

As to what effect variations in glomeiailar filtration rate may have upon the 
urinary cliloride concentration, Walker et al. (16) have reported that in the 
guinea-pig and rat the proximal tubule reabsorbs isosmoticall}’’ a constant fraction 
of the glomerular filtrate, but that the tubular fluid-plasma ratio of chloride con- 
centration increases so that the average value is 1.4. This is presumably due to 
a selective rejection of chloride in the proximal tubule. Upon inspection of their 
data it was noted that there was no relation between the rate of flow of fluid in 
the proximal tubule and the ratio of chloride concentration. This is particular!}’' 
true in the more distal portions of the first third of the proximal tubule. To 
quote from their paper: “The most logical explanation of these events is that 
chloride appears in glomerular fluid in concentrations appropriate to an ultra- 
filtrate of blood plasma, is concentrated in the earl}’- proximal tubule b}’’ the reab- 
sorption of a nearly chloride-free fluid, and is maintained at this concentration 
by the reabsorption in the later pi’oxiroal tubule of a fluid containing approxi- 
mately 1.4 times the chloride concentration of plasma.” It thus appears that if 
the glomemlar filtration rate increases, a slightly increased volume of fluid with 
a rather constant chloride concentration is presented to the more distal portions 
of the tubule. Variations in chloride concentration then must be accounted for 
by variations in water and chloride reabsorption in the distal portions of the 
tubule. Lotspeich, Swan and Pitts (20) I'eport that functional changes in the 
rate of glomerular filtration in the dog are correlated with direct and nearly pro- 
portional changes in the capacity of the renal tubules to reabsorb chloride. It 
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then seems veiy unlikel 3 ’' that even if pitressin should increase the rate of glomeru- 
lar filtration, this could account for the increased chloride concentration observed 
in these experiments. 

We are then left with the possibility that pitressin, or some other hormone 
present in the preparation, exerts a specific inhibitory effect upon the mechanism 
responsible for the reabsorption of chloride in the distal portions of the tubule, 
thus increasing the concentration of chloride in the tubular fluid and in the 
bladder urine. Such a mechanism will explain the above observations. 

A decreased urinary chloride concenlraiion and excretion rate following pitressin. 
In 3 experiments (table 2, nos. 8, 14, 15) a decrease in the chloride concentration 
and in the total chloride excretion occurred during the first post-pitressin hour. 
Each of these was in a hj^’drated individual with an established water diuresis, and 
in each of these the urinaiy chloride concentration exceeded the control during 
the second post-pitressin hour (table 4). These undoubtedlj’', therefore, 
represent instances in which thei'e was a delaj'^ed absorption of pitressin. 

The increased excretion of chloride in all of the other experiments is a natural 
result of the changes in urine volume and chloride concentration. 

Increased excretion of water following pitressin . An increased excretion of water 
was seen in 16 experiments after pitressin. There are two possible explanations 
for this increased water excretion during the first post-pitressin hour. 

The increased chloride concentration resulting from an inhibition of tubular 
reabsorption of chloride might cause an osmotic diuresis by interfering with the 
reabsorption of water in the distal tubule. In two instances a further increase in 
the water excretion rate occurred during the second post-pitressin hour, and in 
one of these the chloride concentration was unchanged while in the other one the 
chloride concentration increased further. These two instances could be 
explained easity on the basis of an osmotic diuresis. However, in 12 instances 
there was a decrease in the water excretion during the second hour in spite of a 
further increase in chloride concentration. In 7 of these experiments the water 
excretion during the first hour was increased over the control, and it does not 
seem logical that this diuresis can be explained as an osmotic one since there was 
a subsequent decrease in water excretion with a further increase in chloride con- 
centration. However, it is possible that an osmotic diuresis during the first hour 
was overcome bj’’ the continuing action of pitressin on water reabsorption in the 
second hour. 

A second possibility, which will explain the above 7 experiments, is that a differ- 
ence in the temporal effect of pitressin on the two mechanisms is involved, i.e., 
the inhibition of chloride reabsorption occuiTed before the increase in water reab- 
sorption; in which case the increased water excretion during the first post- 
pitressin hour is merelj" a manifestation of delaj’-ed acceleration of water diuresis. 

The decreased excretion of chloride when the rate of water excretion was decreased 
by pitressin. In the remaining experiments (table 4) the excretion of water 
decreased during both the first and second post-pitressin hours, and vdth two 
exceptions the urinary" chloride concentration increased. The effect of pitressin 
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on the rate of excretion of chloride was variable, however; during the fii’st hour 
in 25 of 37 experiments, and during the second hour in 30 of 46 experiments there 
were decreases in the chloride excretion when compared with the control. 

If pitressin has a specific inhibitory effect on chloride reabsorption some 
additional mechanism must be operating in the experiments in which a decreased 
chloride excretion rate was found. It was noted that there appeared to be a re- 
lationship between the control rate of chloride excretion and the effect of pitressin. 
There were 15 experiments with a decreased chloride excretion rate and 1 with 
an increased rate during the first post-pitressin hours, when the control cliloride 
excretion rate was greater than 275 ragm. NaCl/hr., and 10 experiments with a 
decreased and 11 experiments with an increased rate when the control chloride 
excretion rate was less than 275 mgm. NaCl/hr. The x" test indicates that this 
relationship is highly significant (x" = 8.82, df = 1, P = <0.01).“ There were 
20 experiments with a decreased and 1 with an increased chloride excretion rate 
during the second post-pitressin hour when the control rate was gi'eater than 275 
mgm. NaCl/hr., and 10 experiments with a decreased and 15 with an increased 
chloride excretion rate when the control rate was less than 275 mgm. NaCl/hr. 
This relationship is also highly significant (x* = 15.35, df = 1, P = <0.01). It 
is concluded that the greater the initial rate of chloride excretion the lesser the 
excretion of chlorides, as XaCl, following pitressin and vice versa. In these 
experiments an initial rate of 275 mgm. NaCl/hr. represents a critical range of 
initial excretion as far as the effect of pitressin is concerned. 

Since the rate of excretion of chloride depends upon the chloride concentration 
and the urinaiy volume, these factors were exam.ined statistically. It was noted 
that when the urinary chloride concentration in the control period was greater 
than 13 mEq/1, 23 experiments in the first hour and 28 in the second hour showed 
a decreased chloride excretion rate following pitressin while 5 in the first and 8 in 
the second hour showed an increased excretion rate. "^Tien the urmar 3 ’- chloride 
concentration in the control period was less than 13 mEq/1, 2 experiments in the 
first hour and 1 experiment in the second hour showed a decreased excretion rate 
following pitressin while 7 experiments in the first hour and 8 experiments in the 
second hour showed an increased chloride excretion rate. These relationships 
are highly signi6cant (1st hour: x^ = 11.16, df = 1, P = <0.01; 2nd hour: x^ = 
13.96, df = 1, P = <0.01). It is concluded that the lower the control chloride 
concentration the greater the excretion rate of chloride follovdng pitressin, and 
vice versa. In these experiments an initial chloride concentration of 13 mEq/1 
represents a critical range of concentration as far as the effect of pitressin is con- 
cerned. 

It was found that during the first post-pitressin hour the correlation between 
the decrease in water excretion and the decrease in cliloride excretion was signifi- 
cant. (r = 0.256, df = 72, P = <0.05). During the second post-pitressin hour 
this correlation was not significant (r = 0.105, df = 70, P = >0.05), probably 
due to the considerable variation in this period. It is concluded that in these 

- df denotes degrees of freedom. P denotes probability of chance occurrence. 
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experiments, at least during the first post-pitressin hour, the greater the reab- 
sorption of water by the tubules the greater is the reabsorption of cliloride by the 
tubules. 

Is there an obligatory reabsorption of chloride when the rate of water excretion is 
decreased by pitressin? Walker et al. (16) have shoivn that in the proximal tubule 
there is a considerable reabsorption of water without an equivalent reabsorption 
of chloride, so that the chloride concentration of the tubular fluid reaches an 

_ _ fluid concentration . , ^ , , , , , 

average F/P 1 — 7 : — , ratio of 1.4 while the ratio for the bladder 

(plasma concentration) 

urine is less than 1.0. Since the F /P ratio of bladder urine is less than 1.0 there 
must have been a reabsorption of chloride in excess of water in the distal tubule. 
It seems probable to us that the site of this chloride reabsorption in the distal 
tubule is located proximal to the site of water reabsorption. The decreased ex- 
cretion rate for chloride following pitressin and accompanying a decreased water- 
excretion rate could be explained on the basis of an obligatory chloride reab- 
sorption in the more distal portions of the tubule along with the pitressin-induced 
reabsorption of water. Thus, when the control urinary chloride concentration 
and excretion rate is high, presumably due to a high chloruretic effect of the 
endogenous pituitary secretions, the addition of pitressin vdll have little or no 
further effect on the specific reabsorption of chloride, but it will induce a reab- 
sorption of water which may be accompanied by an obligatory chloride reab- 
sorption. An obligatory chloride reabsorption, under these circumstances, would 
not invalidate the thesis that pitressin, or some other hormone in the extract, has 
a specific inhibitory effect on the tubular reabsorption of chloride in the more 
proximal portion of the tubule. 

Application to other observations. This concept of the control of chloride 
excretion by some pituitary factor is useful in explaining some previous obser- 
vations on chloride excretion under a variety of circumstances. Eggleton (21) 
and Barclay et al. (22) report that during water diuresis there is usually a decrease 
in chloride excretion rate which is not well correlated with the increase in water 
output. During water diuresis there is a decrease in the excretion of the anti- 
diuretic hormone resulting in the water excretion, and there may also be a 
decrease in the formation of a posterior pituitary chloride factor resulting in an 
increase in the reabsorption of chloride with a decreased rate of cliloride excretion. 
They report that during exercise the water diuresis is usually inhibited and that 
the chloride excretion rate is also greatly diminished. Presum abW the effect of 
exercise on water diuresis is related to an increased secretion of the anti-diuretic 
hormone. The further decrease in chloride excretion may be due to a failure of 
exercise to produce the factor controlling chloride reabsorption, or to the obliga- 
tory reabsorption of chloride if the chloride factor were secreted in greater 
amounts. Eggleton and Smith (23) report that ethjd alcohol results in a marked 
diminution in chloride excretion even if the degree of diuresis is very slight. This 
can be explained on the basis of a decreased production of the factor inhibiting 
the tubular reabsorption of chloride without a concomitant decrease in the anti- 
diuretic factor. 
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Farnsworth (24) reported that patients with essential arterial h 3 ’pertension 
demonstrated a specific failure to reabsorb chloride to the same extent as that 
found in noi-mal subjects. She suggested that one of the explanations for this 
defect might be an excess secretion of pitocin. It is possible that in this condition 
there may be an excessive secretion of the chloride reabsorptive inhibiting factor. 

The importance of the secretions of the adrenal cortex in regulating the 
excretion of sodium and potassium has been stressed for manj’^ j^ears. Evidence 
has been presented here which supports the hj'pothesis that the posterior pitui- 
tary gland may also be concerned with this regulation and that the excretion of 
these ions is controlled bj’’ an interpla 3 ’' of these antagonistic factors. 

SUMMARY 

The effect of the intramuscular injection of 10 units of pitressin on the uiinary 
chloride concentration and excretion rate and on the water excretion rate has been 
studied in 28 human subjects. These subjects wei-e first h 3 ’^drated b 3 '’ the oral 
administration of tap water (200 cc. eveiy 30 minutes) for 5 hours before the 
experiment and throughout the experiment. A control urine specimen, repre- 
senting one hour of excretion, was collected, the pitressin was injected, and two 
hourly urine specimens were collected. The experiment was repeated the 
following day without the special h 3 ’-dration procedure. 

The rate of chloride excretion following pitressin was related neither to the pre- 
injection serum chloride concentration nor to the state of hydration of the subject. 

The rate of water excretion during the first post-pitressin hour was related 
directly to the state of hydration. The rate of chloride excretion following 
pitressin was inversely related to the pre-injection rate of chloride excretion and 
chloride concentration. The critical control urinaiy levels Avere approximately 
275 mgm. NaCl/hr. and 13.0 mEq. Cl/1. 

In 15 experiments pitressin resulted in an increased uiinaiy cliloride concen- 
tration during the first post-pitressin hour in spite of an increase in the urinaiy 
water excretion rate. This is interpreted as indicating a specific inhibition of 
chloride reabsorption in the renal tubule b 3 '' some factor present in the pituitary 
extract. 

In 47 experiments, the injection of pitressin Avas folloAA'ed b3’' a decrease in the 
rate of Avater excretion AAdiich Avas accompanied b3^ either an increase or a decrease 
in the rate of chloride excretion . The decreased ra te of chloride excretion is attrib- 
uted to an obligatory chloride reabsorption due to the marked increase in the 
rate of Avater reabsorption by the renal tubule. 

It is suggested that a secretion of the posterior pituitaiy gland in the human 
has an inhibitory effect upon the tubular reabsorption of chloride, and that it is 
specifically concerned in the control of the excretion of inorganic ions in a manner 
AA’hich is antagonistic to the effect of the secretions of the adrenal cortex. 
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In birds uric acid is the chief end product of protein metabolism, occupying 
a position in intermediate metabolism, functionally analogous to that of urea 
in mammals (1). Renal insufficiency in the duck is associated with the de- 
velopment of extremely high blood urate values (2) rather than the elevated 
urea values seen in mammals. The plasma urate values found in azotemic birds 
are many times the accepted maximum true solubility of urate in plasma water 
(3). The experiments reported in this communication were designed to explore 
the mechanism by which urate is transported without precipitation in the plasma 
of the azotemic chicken. 

Methods. Azotemia was induced in young chickens by extraperitoneal 
bilateral ureteral ligation through paracloacal incisions. Our animals uniformly 
survived for from 12 to 24 hours as did those studied by Folin, Berglund and 
Derick (2) . After at least 12 hours, when the birds clinically appeared moribund, 
blood samples were withdravm in heparinized syi-inges and either spun immedi- 
ately for plasma or kept at room temperature for not more than 6 hours before 
separation. Biochemical methods employed in further treatment of these 
samples have been described in other publications dealing with urate metabo- 
lism (4, 5). 

Results. True urate in normal and azotemic chickens {table 1). In 4 noiTnal 
chickens the average plasma total urate concentration, as determined by the 
colorimetric arsenophosphotungstate method, was 6.8 mgm.%. True urate, 
determined by the uricase method, represented on the average 86% of these 
values. 

The average plasma total urate in 8 azotemic chickens was 304 mgm.% of 
which slightly more than 93% was true urate. The concentrations of urate in 
the blood of azotemic birds studied by Folio, Berglund and Derick (2) and those 
found by the colorimetric procedure in this study appear chiefly to represent 
increases in true urate. 

U Ur afiltr ability of urate {table 1). The plasma of normal and azotemic chickens 
was ultrafiltered through cellophane in order to differentiate the diffusible frac- 
tion of the plasma urate. In normal chickens, 71% of the plasma tme urate 
was ultrafiltrable through cellophane, while 82% was ultrafiltrable in the azo- 
temic chickens. The average ultrafiltration data for total urate are similar to 
those for true urate. In the normal plasma an average of 71% of the total urate 
was ultrafiltrable, while 82% was ultrafiltrable from azotemic chick plasma. 

' These departments are in part supported by the Michael Reese Research Foundation. 
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Effect of refrigeration: Tyndall phenomenon. When plasma or plasma ultra- 
filtrates from azotemic birds are stored overnight in the refrigerator at 0°C., 
a heavy, white, flocculent precipitate forms. Neither the plasma nor the ultra- 
filtrate precipitate will completely redissolve on warming to room temperature, 
but the plasma precipitate will generally redissolve on warming to about 45° 
to 60°C. The ultrafiltrate precipitate will occasionally redissolve during such 


Table 1. Urate partition and ultrajiltr ability of true urate in plasma samples from normal 

and azotemic chickens 



PLASMA TOTAL 
URATE 

PLASMA CHRO- 
MOGEN 

PLASMA TRUE ^ 
URATE 

ULTRAFILTRATE 
TRUE URATE 

% TRUE URATE 
UWEAFILTEABLEl 

Normal chickens 


msm. per 100 cc. 

tngm. per 100 cc. 

mem. per 100 cc. 

1 msM, per 100 cc. 


CA 

5.9 

0.9 

5.0 

\ 3.9 

1 69 

CB 

7.0 

1.0 

6.0 

4.7 

70 

CC 

4.6 

0.8 

! 3.8 

2.9 

68 

CD 

5.7 

0.6 

j 5.1 

i 

73 

Average .... 

5.8 

0.8 

5.0 

3.9 

71 


Azotemic chickens 


C3 

241 


228 

190 

74 

C4 

384 


366 

347 

85 

C5 

230 

11 

219 

239 

97 

C6 

293 

9 

284 

247 

78 

C8 

390 

28 

362 

335 

83 

C9 

353 

18 

335 

255 

68 

CIO 

260 

33 

227 

237 

93 

Cll 

268 

18 

250 

220 

88 

Average .... 

304 

20 

284 

259 

82 


' In the table above, and elsewhere in the text, per cent ultrafiltrable (F) has been cal- 
UrateuL 

culated as follows: — X (0.93) X (0.96) = F, where Uratep. is the plasma urate 

XJrS'tcp 

concentration in nigm. per 100 cc.; UratCoL is the ultrafiltrate urate concentration in mgm. 
per 100 cc.; (0.93) is a correction factor dependent upon the difference in water content 
of plasma and ultrafiltrate; (0.96) is a correction factor for the Donnan effect. 

treatment, but more often it is necessary to add one or two volumes of 0.05 N 
sodium hydroxide to accomplish complete solution. 

The volume of ultrafiltrate obtained in our experiments was generally too 
small to permit analysis of the supernatant from refrigerated samples; but ob- 
seivations were made on the supernatants from 3 refrigerated plasma samples 
(table 2) . The average true urate value of the original plasma was 271 mgm. %, 
while the supernatants obtained after refrigeration contained an average of 154 
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mgm. % of true urate. In a single obseivation upon an ultrafiltrate vith an 
original total urate concentration of 185 mgm. %, the refrigerated supernatant 
was found to contain 104 mgm. % or 56% of the original concentration. This 
is similar to the 57% of total urate which remains in the supernatant from re- 
frigerated plasma samples (table 2). 

The Tyndall phenomenon was studied by both direct observation and in a 
darkfield preparation using fresh, simultaneously prepared, normal and azotemic 
chick ultrafiltrate for comparison. While the normal chick ultrafiltrate showed 
a few bright points on direct observation, many more were present in the azotemic 
ultrafiltrate. In addition, the azotemic ultrafiltrate showed a large number of 
smaller bright points and a brilliantly illuminated hazy background absent in 
the normal ultrafiltrate. The medium power darkfield obseiwation confirmed 


Table 2. Urate partition in plasma samples from azotemic chickens and in the supernatants 
from refrigerated plasma samples {Refrigerated samples were stored overnight at 0°C.) 



TOTAL tnUTE 

CHROMOCEN 

TRUE URATE 

Plasma samples 


msm per 100 cc. 

msm per 100 cc 

msm per 100 cc 

03 

241 

13 

228 

04. 

384 

18 

366 

05 

230 

n 

219 

Average 

285 

14 

271 


Supernatants from refrigerated plasma samples 


03 

' 197 

7 

190 

04. 

113 

11 

102 

05 

178 

8 

170 

Average 

163 i 

1 

9 

154 


those made by direct vision; some resolution of the hazy background of the 
azotemic ultrafiltrate was possible, and the particles were revealed to exhibit 
definite Brownian movement in some cases. The possible significance of these 
obserwations is discussed belov. 

Uric acid-like chromogen. In the dog and in man, the uric acid-like chromogen 
has been shovm to consist chiefly of chemically uncharacterized purine metab- 
olites of endogenous origin, which behave physiologicall 3 ’- much like true uric 
acid itself (5) . Limited data suggest that this maj’- also be true of the chromogen 
in the chicken. In the plasma of the chicken (table 1) chromogen forms about 
the same proportion of total urate as in human plasma (5). The striking in- 
crease in chromogen during azotemia in the chicken demonstrates its endogenous 
origin; moreover, the magnitudes of irrcrease of true urate and of chromogen 
are roughty proportional. Additional facts which suggest the chemical simi- 
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larity of chromogen and true urate in the chicken are the observation that both 
are partially precipitated from plasma at 0°C. (table 2) and that both are par- 
tially protein-bound. Both chromogen and true urate show, in. addition, an 
increase in percentage ultrafiltrability with increasing plasma concentration. 

Discussion. The data presented above confirm earher findings (2) of mark- 
edly elevated blood urate values in azotemic birds and indicate that these values 
are predominantly due to an increase in true urate. Furthermore, the uric 
acid-like chromogen in the chicken appears to be of endogenous origin, as in the 
dog and in man (5). 

In both the normal and azotemic chicken most of the plasma urate is ultra- 
filtrable through cellophane membranes. The concentrations of true urate 
found in the normal chick ultrafiltrates lie within the accepted limits of the true 
solubility of urate in plasma water (3, 6, 8). However, similar protein-free 
ultrafiltrates from the plasma of azotemic chickens contain an average of 259 
mgm. % of true urate. As the maximum value proposed for the true solubihty 
of urate in plasma water is 23 mgm. % (6), it is apparent that less than 10% of 
the true urate in the azotemic ultrafiltrates can be in true solution. 

The larger proportion of the true urate in ultrafiltrates from azotemic chick 
plasma may well be in the colloidal state. At physiological pH, urate forms 
colloidal solutions whose physico-chemical properties are compatible with those 
of such ultrafiltrates (3, 8). The behavior of the azotemic chick ultrafiltrate 
upon cooling and rewarming suggests flocculation of a colloidal urate sol rather 
than true precipitation. The demonstration of Tyndall effect and Bro^vnian 
movement further support this interpretation. 

The ease with which true urate passes the ultrafilter membrane suggests that, 
although it may be in the colloidal state when the ultrafiltrate is examined, it 
actually may have circulated in the plasma of the azotemic chick as a smaller 
aggregate or urate polymer. The physico-chemical basis for such an opinion 
is found in Schade’s demonstration that a continuum exists between urate so- 
lutions chiefly composed of polymeric aggregates and those satisfying rigid cri- 
teria for the colloidal state (8). "While urate solutions tend to pass from poly- 
meric to colloidal states with ageing, suitable conditions may inhibit or reverse 
this transformation. Variable polymerization may, in addition, play a physio- 
logical role in the regulation of urate metabolism as in the case of higher nucleo- 
protein derivatives (9). One may quite reasonably suspect that the urate 
polyserositis seen terminally both in our chickens (10) and in alloxanized pigeons 
(11) is the result of local tissue factors which disturb the polymeric stabilitj'- of 
urate in the impinging extracellular fluid. 

An additional portion of the plasma tiaie urate is non-ultrafiltrable in both 
the normal and the azotemic chicken . In the normals it f oi-ms 29 % of the plasma 
true urate, but in the azotemic chicks it represents only 18% of the plasma true 
urate. This finding would be expected if the non-ultrafiltrable fraction were to 
represent an adsorption compound between a constant amount of plasma pro- 
tein and a variable quantity of urate (12, 13). If the non-ultrafiltrable fraction 
were merely a larger micellar species of urate than the ultrafiltrable polymeric 
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urate, the non-ultrafiltrable fraction should represent a larger proportion at 
higher plasma urate concentrations than at lower concentrations (8), 

It appears at present, therefore, that true urate may be transported in the 
plasma of the azotemic chicken in at least three forms. Protein-bound urate 
constitutes an average of 18% of the plasma true urate. Not more than an 
additional 10% is transported in tiue solution. The remainder, more than 70%, 
is carried as ultrafiltrable polymeric urate. A review of the available renal data 
(14, 15) appears to indicate that the avian glomerulus must be assumed to be 
freely permeable to the ultrafiltrable pobuneric urate as well as to urate in true 
solution, although the protein-bound urate is not necessarily ultrafiltrable 
through the glomenilus of the bird. 

Although these studies indicate the presence of a three-phase system for urate 
transport in the azotemic chicken, they do not establish the existence of an ultra- 
filtrable polymeric phase at the urate levels which obtain in the plasma of the 
normal chicken or in man. Phj'^sicochemical methods alone do not permit the 
demonstration of such a sj’^stem at any urate value below the poorly defined 
upper limit of true solubility of urate in plasma Avater. 

However, analagous conditions may obtain even at urate concentrations below 
the upper limit assumed for urate time solubility. Data obtained in man demon- 
strate that normally only 6% of the plasma true urate passes through the C.S.F. 
plasma barrier (4). Renal studies in man indicate that only a similarly small 
fraction of the plasma true urate passes through the human glomerulus (16, 17). 

SUMMAEY 

Earlier reports of greatly elevated blood urate levels in the azotemic bird have 
been confirmed for the chicken and have been shoAAm chiefly to represent an 
increase in plasma true urate concentration Avhen studied by the specific uricase 
method. 

The plasma uric acid-like chromogen is also increased in the azotemic chicken, 
indicating its endogenous origin. Other data show that, as in the dog and in 
man, the physiological behavior of chromogen in the chicken closely parallels 
that of true urate. 

A consideration of data obtained from the study of plasma and plasma ultra- 
filtrates by various methods in both the normal and azotemic chicken has sug- 
gested that urate may be transported as a three-phase system in the azotemic 
birds. A small fraction appears to be in true solution Avhile a somewhat larger 
fraction is transported as protein-bound urate. However, the largest amount, 
averaging over 70%, is carried as ultrafiltrable polymeric or ultrafiltrable 
colloidal urate. Physicochemical methods at present, however, do not permit 
the demonstration of such a three-phase system Avhen the plasma urate value is 
beloAA^ the theoretical maximal solubility of urate in plasma Avater, a poorly 
defined value. 

A reAueAA^ of earlier data on the renal mechanism for urate excretion in the 
chicken indicates that the renal glomerulus is probably freely permeable to urate 
in true solution and to ultrafiltrable poljnmeric urate in this species, but that 
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protein-bound urate may not be ultrafiltrable through the glomerulus of the 
chicken. 
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Allantoin has been found to be the principal lu’inary end product of purine 
metabolism in all subprimate mammals (1-5) with the possible exception of the 
Dalmatian coach hound (4). However, studies concerning the renal clearance of 
allantoin have not been published, possibly because of earlier difficulties in ascer- 
taining the allantoin content of blood. Accordingly, no information exists con- 
cerning the manner in which allantoin is excreted by the kidney. 

It therefore seemed worthwhile to determine the renal clearance of this sub- 
stance in both the rat and the dog. The experimental evidence obtained from 
these determinations indicated that blood allantoin was excreted solely by the 
renal glomeruli of these two species without subsequent tubular reabsorption. 
In other words, the clearance of allantoin, like that of creatinine, appeared to 
serve as an accurate measure of the rate of glomerular filtration in the rat and 
dog, despite variations in o) the concentration of plasma allantoin or in b) the 
rate of urine flow. 

Methods. Thirty-seven male albino rats (weight range: 275-350 grams) 
were used in the clearance studies. Twenty-one allantoin clearances were 
done on 20 of these rats. Twent 3 '’-one creatinine clearances were determined 
on the remaining 17 rats. In the ascertainment of both t 5 ’’pes of clearance 
the same procedure as described pi'eviously (6) was emploj^ed in which blood 
samples were obtained, before and at the end of a two-hour urine collection. 

Five normal male dogs also were used for this study. The allantoin and cre- 
atinine clearances of these animals were determined concomitantly. Nine allan- 
toin and creatinine clearances were determined on 4 of these dogs without 
parenteral administration of allantoin. These allantoin clearances will be 
described as endogenous allantoin clearances. Eleven allantoin and 9 creatinine 
clearances were ascertained on 5 dogs whose plasma allantoin had been elevated 
bj^ the intravenous administration of allantoin. These clearances will be 
described as exogenous allantoin clearances. 

All dogs were anesthetized with pentobarbital sodium, then catheterized and 
a solution of 5% glucose was given bj’’ vein at a rate of 4 cc. per minute until a 
urine flow of at least 1 cc. per minute occurred. The animals then were given a 
priming solution composed of 200 mgm. of creatinine in 50 cc. of 5% glucose 
solution. The latter solution was given at a rate of 3 cc. per minute. Approxi- 
matelj’- 30 minutes after the sustaining solution had been started, the bladder was 
washed out, the urine collection begun and the first blood sample taken. The 
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duration of the collection varied from 10 to 30 minutes, at the end of which time 
a second blood sample was obtained. Both blood and urine samples were ana- 
lyzed for allantoin and ci’eatinine. The exogenous allantoin clearances were 
obtained in the same marmer, except that the priming and sustaining solutions 
also contained 200 mgm. % of allantoin. 

Creatinine in plasma and urine was determined by the method of Folin and 
Wu (7). Allantoin was determined according to the technique of Christman, 
Foster and Esterer (8) on tungstic acid filtrates of plasma and on suitably diluted 
urine samples. An ice-salt bath at — 8°C. to — 10°C. was used in the allantoin 
assay instead of 0°C . suggested by Christman etal. A yeast blank and a standard 
solution were assayed concurrently with all samples. The standards and blanks 
were manipulated in the same fashion as the samples; their values as read on a 
Klett-Summerson photoelectric colorimeter (9) varied only slightly from day to 
day. 

Results. A. The renal clearance of endogenous allantoin in the rat. The renal 
clearance of endogenous allantoin was measured 21 times on 20 rats. The mean 
clearance (see table 1) was found to be 33.7 cc. per hour per 100 grams of body 
weight (range; 25.8 to 41.7 cc.). The mean plasma allantoin concentration was 
found to be 1.76 mgm. % (range: 1.20 to 2.25 mgm. %) during the clearance 
determinations. The mean urine flow was 1.35 cc. per hour per 100 grams of 
body weight (range: 1.08 to 1.68 cc.) 

The creatinine clearance was studied 21 times on 17 rats. The mean clearance 
.(see table 1) was found to be 34.6 cc. per hour per 100 grams of body weight 
(range: 27.0 to 43.0 cc.). The mean plasma creatinine concentration was 10.50 
mgm. % (range: 7.40 to 14.75 mgm. %) during the clearance determinations. 
The mean urine flow was 1.27 cc. per hour per 100 grams of body weight (range: 

1.00 to 1.50 cc.). As pointed out in a previous study (6) the rat’s renal hemo- 
dynamics vary according to the rate of urine flow. Therefore, in comparing the 
clearances of allantoin and creatinine, only clearances obtained during similar 
urine flows may be validly compared. 

The above clearance studies indicated that the average renal clearance of endog- 
enous allantoin was of the same haagnitude as that of creatinine. Since the 
latter was found to be a measure of this animal’s glomerular filtration rate (6), it 
appears that the renal clearance of endogenous allantoin also might be a measure 
of the same renal function in this animal. 

B. The renal clearance of endogenous allantoin in the dog. The renal clearance 
of endogenous allantoin was obtained 9 times on 4 dogs. The mean clearance 
(see table 2A) was 85.5 cc. per minute per square meter of surface area (range: 

75.0 to 92.5 cc.) at a mean urine flow of 3.67 cc. per minute (range: 1.46 to7.55 
cc.). The mean plasma allantoin concentration during the clearance deter- 
minations was 0.66 mgm. % (range: 0.40 to 1.03 mgm. %). 

Nine control creatinine clearances were obtained also on these dogs at the 
same time that the allantoin clearances were determined. The mean creatinine 
clearance was 90.0 cc. per mmute (range: 76.0 to 101.0 cc.). The mean plasma 
concentration of creatinine during the clearance determinations was 6.94 mgm. % 
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(range; 6.50 to 8.50 mgm. %). This approximate equality of the allantoin and 
creatinine clearances, irrespective of the rate of urine flow, suggested that the 
kidneys of both the rat and the dog excreted these two substances in a similar 
manner. 

C. The renal clearance of exogenous allantoin in the dog. The renal clearance of 
allantoin was determined 11 times on 5 dogs after the plasma allantoin concen- 


Table 1. Allantoin and creatinine clearances in rats 


RAT 

ALLANTOIN CLEARANCE 

RAT 

CREATININE CLEARANC 

Plasma 

aUsLUtoia 

Urine 

flow* 

Allantoin 

c/earancef 

Plasma 

creatinine 

Urine 

flow* 

Creatinine 

c/caranccf 

70 

msm. % 

2.15 

1.60 

29.2 

41B 

mgm. % 

13.50 


35.5 

20 

2.25 

1.56 

31.6 

68B 

11.20 


30.2 

98 

2.20 

1.10 

39.4 

32B 

8.60 


33.4 

78 

1.50 

1.68 

34.7 

68B 

12.10 


27.0 

42 

1.90 

1.26 

32.0 

56B 

12.45 


30.5 

97 

2.00 

1.24 

26.5 

69B 

14.75 


33:0 

05 

1.35 

1.35 

35.6 

57B 

13.25 

1.31 

29.4 

42 

1.80 

1.14 

36.4 

•72B 

12.00 

1.36 

37.7 

29 

1.65 

1.08 

29.6 

43B 

10.10 

1.32 

43,0 

32 

2.00 

1.30 

38.9 

22B 

14.65 

1.41 

31.0 

96 

1.35 

1.38 

41.7 

71B 

8.40 

1.23 

40.0 

24 

1.80 

1.33 

33.3 

18B 

10.12 

1,39 

34.0 

39 

1.20 

1.31 

41.3 

87B 

10.00 

1.28 

32.1 

01 

1.75 

1.42 

41.0 

24B 

10.60 

1.34 

41.5 

27 

1.65 

1.25 

25.8 

89B 

7.40 

1.44 

37.9 

52 

1.45 

1.50 

39.2 

24B 

8.05 

1.14 

29.2 

62 

1.55 

1.18 

27.9 

18B 

8.50 

1.41 

39.3 

02 

1.95 

1.50 

31.2 

87B 

7.80 

1.45 

39.7 

49 

1.85 

1.39 

34.5 

52B 

9.80 

1.36 

31.8 

14 

1.80 

1.35 

28.6 

15B 

9.75 

. 1.09 

38.2 

07 

1.90 

1.50 

29.0 

83B 

7.60 

1.26 

33.4 

Mean 

1.76 

1.35 

33.7 . 


10.50 

1.27 

34.6 

S.D. of mean 

±0.36 

±0.16 

±4.99 


±2.25 

±0.15 

±4.47 


* Urine flow expressed in cc. per hour per 100 grams of body weight, 
t Clearance expressed in cc. per hour per 100 grams of body weight. 


tration had been increased above the normal endogenous level of allantoin by the 
intravenous administration of the substance. Concomitant determinations of 
the creatinine clearance also were done in most experiments. 

As table 2B indicates, the renal clearance of exogenous allantoin was independ- 
ent of the plasma allantoin concentration. Thus, although plasma levels vary- 
ing from 4.16 to 30.00 mgm. % were attained, no essential change occurred in the 
clearance of allantoin. Furthermore, the average allantoin clearance of this 
series (89.9 cc. per minute) at an average plasma allantoin concentration of 19.15 
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mgm. % was not only essentially the same as the avei’age creatinine clearance 
(89.3 cc. per minute) but also approximately the same as the clearance of endog- 
enous allantoin (cf. table 2 A and 2B). In short, the clearance of allantoin in 
the dog was not only similar to that of creatinine, but it also was independent of 


Table 2. Comparison of the renal clearances of endogenous allantoin, exogenous allantoin 

and creatinine in dogs 


DOG 

j UEINE FLOW 

PLASIIA 

ALLANTOIN 

PLASMA 

CREATININE 

ALLANTOIN 

CLEARANCE* 

CREATININE 

clearance* 

A. The clearance of endogenous allantoin and creatinine 


cc/M. 

msm. % 


mgm. % 


1 

2.43 

0.71 

91.8 

8.50 

82.5 

1 

1.46 

0.40 

88.0 

5.50 

91.5 

2 

2.70 

0.51 

82.5 

6.40 

91.8 

2 

2.76 

0.45 ' 

89.0 

7.80 

76.0 

3 

3.24 

0.90 

75.0 

7.30 

82.5 

3 

4.80 

1.03 

92.5 

8.10 

95.5 

4 

4.10 

0.75 

83.5 

5.90 

101.0 

4 

4.00 

0.76 

76.0 

5.80 

99.2 

2 

7.55 

0.45 

91.5 

7.20 

90.0 

Mean 

3.67 

0.66 

85.5 

6.94 

90.0 


S.D. of mean — 

±1.67 

±0.17 

±6.30 

±1.03 

±6.44 

B. 

The clearance of exogenous allantoin and creatinine 


1 

4.68 

4.16 

89.5 

8.95 

80.5 

2 

4.80 

5.60 

92.0 

— 

1 

3 

4.80 

6.75 

92.0 

10.50 

94.2 

3 

5.00 

6.80 

95.0 

10.55 

90.0 

1 

5.70 

21.00 

89.5 

8.50 

78.0 

2 

4.89 

24.00 

86.0 

6.40 

95.0 

5 

6.85 

25.40 

74.0 

7.50 

90.0 

5 

6.40 

27.90 

79.0 

7.40 

84.0 

4 

3.50 

29.00 

90.0 

— 

— 

1 

5.40 

30.00 

109.0 

6.90 

95.0 

4 

5.80 

30.00 

93.0 

6.80 

97.0 

Mean 

5.26 

19.15 

89.9 

8.16 

89.3 


S.D. of mean 

±2.79 


±8.5 


±6.5 


* Clearance expressed in cc. per minute per square meter of surface area. 


changes in the plasma concentration of allantoin and in the rate of urine flow. 
These observations indicated that the allantoin clearance was at the level of 
glomerular filtration in the dog. 

Discussion. The ability of the rat and dog to excrete endogenous allantoin 
as rapidly as creatinine suggested that the former might be a substance which. 
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after glomerular filtration, did not undergo subsequent tubular reabsorption. 
The inability to effect a change in the renal clearance of allantoin in dogs after an 
elevation of their plasma allantoin content to a level 45 times their average endog- 
enous level indicated without much doubt that the excretion of allantoin was 
independent of tubular activity. On the basis of these observations then, it 
seems reasonable to believe that allantoin is excreted solely through the renal 
glomeruli of the rat and dog without subsequent tubular reabsorption. Conse- 
quently, a measurement of its clearance affords one the opportunity of measuring 
the rate of glomerular filtration in these two species. 

The physiological similarity of allantoin to creatinine and its dissimilarity to 
uric acid (10) in its renal excretion is not surprising when the structural formulae 
of the 3 substances are observed and compared. 


H— N C=0 


0=C N— NH 


^=0— OH 


HO— C C— NH 


C=0 COH 

H— N C N C N-^ 

(Keto form) (Enol form) 

Uric acid 

0 


C— NH 


NH 2 CO— NH— C— NH 

i 

H 

Allantoin 


0 

II 

C— NH 


c=o 


C=NH 


HzC— NCH, 


Creatinine 


Despite the fact that allantoin is dei’ived from uric acid, it can be seen from the 
above formulae that it bears a much closer relationship in a physico-chemical 
sense to creatinine. For instance, the carbonjd groups at positions 2 and 6 of 
uric acid are potentialty acid because of hydrogen tautomerism to the enol form, 
while the straight chain ureido carbonyl of allantoin no longer has this acid 
potentiality, and creatinine is slightty basic. More important perhaps in respect 
to the differences in renal excretion of these substances, the imidazolidine ring of 
allantoin and creatinine may be considered as retaining characteristic resonance 
properties while the imidazole ring of uric acid is fused with pyrimidine, thus 
having a different electron configuration and different tautomeric possibilities. 


SUMMARY 

(1) The renal clearance of endogenous allantohi was measured in the rat and 
found equal to the creatinine clearance. 

(2) The renal clearance of endogenous and exogenous allantoin was measured 
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in the dog. The clearance of allantoin was found to be independent of its con- 
centration in the blood plasma and equal to the clearance of creatinine in the 
dog. 

(3) The clearance of allantoin appears to be at the level of glomerular filtration 
in the rat and dog. 

The authors wish to express then thanks to Barbara Trousdale and Beatrice 
Bedell, who assisted in these experiments. 
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Bergman and Drury (1) studied the rate at which it Avas necessary to inject 
glucose in order to maintain the blood sugar of an eviscerated rabbit at a normal 
level. They found that ligating the ureters of this preparation necessitated an 
increase in the rate of glucose administration. Later, Reinecke (2) found that 
the kidneys Avere a source of blood sugar’ in the eAuscerated rat. It follows then 
that Bergman and Drury’s findings may have been due to variations in the 
amount of blood sugar furnished by the kidne 3 ’^s of their preparation and that 
ureteral ligation reduced the amount of sugar so furnished. A consideration of 
the morphology of the kidnej'- suggests that this effect of ureteral ligation may 
be due to its interference AAuth glomerular filtration and, consequently, that renal 
glucogenesis is possible onij’’ if there is an adequate rate of glomerular filtration. 

Phloridzin has long been knoAvn to be a rather specific poison for the mecha- 
nism bj'- AAdiich glucose is resorbed from the glomerular filtrate (3). It is to be 
expected then that the mechanism bj'' AA'hich ncAv sugar is formed in the kidney 
will also be poisoned by this substance if it is related to that involved in the 
resorption of sugar. 

Mercury bichloride is a general protoplasmic poison that under some circum- 
stances is almost specific for parts of the renal tubule (4). It therefore is likelj’’ 
to stop anj'^ process that demands the expenditure of energy bj’’ the mechanisms 
located AAuthin these cells. Since the concentration of mercurj'- in the tubule, and 
hence its specificity of action, may be dependent upon glomerular filtration, it 
might also be expected that ureteral ligation Avould decrease the effectiveness of 
the mercur 3 ^ 

These hypotheses AAm’e tested in the non-neplu’ectomized, eAus'cerated rat. 

The methods employed, except as noted, were those used previously'’ (2). 
Fermentations AA'ere not done; and, therefore, the blood sugar values shoAATi in- 
clude indeterminate amounts of nonfermentable reducing substances. Blood 
samples of about 0.15 ml. AA’ere draAA'n simultaneouslj'’, AA'here so indicated, from 
the aorta and left renal vein. Tuberculin syringes (0.25 cc.) fitted AA’ith no. 27 
needles AA’ere used. The sj’ringes AA'ere coated intemallj’’ AA'ith light mineral oil. 
Immediatelj’’ after AA’ithdraAA'al these samples Avere discharged into small depres- 
sions in paraffin blocks. QuantitatNely accurate samples AA'ere then conven- 
iently measured for analysis. It was not necessary to use anticoagulants. 

* Supported a grant from the John and Mary R. Markle Foundation. 

’Present address: Department of Physiology', University of Minnesota, Minneapolis, 
Minnesota. 
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Some samples, where so identified, were also taken from the heart. All other 
samples were measured directly from drops of blood obtained from the vessels 
opened by cutting off a very small bit of the tip of the tail. In the authors’ 
hands, this maneuver is more successful if a sharp scalpel is used to cut off the 
bit of tissue while the tail is Ijdng on a large cork. Hemoglobin determinations 
were made on the samples from the renal vein and aorta as a check on the sam- 
pling technic. Two hundredths milliliters of blood was measured into 5 ml. of 
distilled water. A drop of concentrated ammonium hydroxide was added just 


Table 1* 


TREATMENT 

ANIMAL 

BLOOD 
SUGAR 
RENAL V. 

BLOOD 

SUGAR 

AORTA 

HEMO- 
GLOBIN 
OPTICAL 
DENSITY 
RENAL V. 

HEMO- 

GLOBIN 

OPTICAL 

DENSITY 

AORTA 

BLOOD 
SUGAR 
RENAL V. 

AORTA 

HEMO- 
GLOBIN 
RENAL V. 

AORTA 



rngm/lOOcc. 





Ureters not ligated 

A 

47 

26 

.600 

.610 

1.81 

.98 

Ureters ligated 

B 

19 

20 

.595 

.600 

.95 

.99 


C 

.53 

36 

.620 

.610 

1.47 

1.02 


D 

56 

37 

.585 

.585 

1.51 

1.00 


E 

78 

63 

.585 

.595 

1.24 

.98 

Phloridzin; ureters 

F 

59 

35 

.536 

.531 

1.69 

1.01 

not ligated 








Phloridzin; ureters 

G 

70 

51 

.531 

.526 

1.37 

1.01 

ligated 

H 

80 

56 

.508 

.503 

1.43 

1.01 


I 

89 

70 

.547 

.550 

1.27 

.99 


J 

89 

76 

.543 

.546 

1.17 

.99 

Mercury Bichloride; 

K 

32 

20 

.580 

.572 

1.60 

1.01 

ureters not ligated 

L 

35 

20 

.640 

.620 

1.76 

1.03 


M 

30 

33 

.655 

.650 

.91 

1.01 


* See figures 2-4 for times after ligation of the arteries at which the samples were taken. 
The letters designating animals correspond to those given on these figures. 


before estimating the optical densitj'^ in a photoelectric colorimeter tvith a spec- 
tral band, having its maximum at 540 mu wavelength (5) . 

The first hypothesis developed in the introduction was tested by studying the 
effect of ureteral ligation on the blood sugar levels of the eviscerated rat. (See 
fig. 1 and 2 and animals A-E in table 1.) In contrast to the finding in the evis- 
cerated rabbit, this maneuver seemed without major effect. The number of 
instances was too small to make apparent any moderate changes, but qualita- 
tively there was no evidence of decreased renal glucogenesis. If anything, the 
animals with ligated ureters survived in better condition than their controls. 
In an experiment in which the blood sugar level in the renal vein was compared 
ivith that in the aorta, 3 of the 4 animals with ligated ureters exhibited a definitely 
higher level in the renal vein. The samples were taken from the fourth animal 
as it was about to expire. 









200 


R. M. BBINECKE, G. G. RUDOLPH AND M. J. BRYSON 



HOURS AFTER LIGATION OF COELIAC AND MESENTERIC ARTERIES 


Fig. 1. Effect of ureteral ligation. The animals were fasted for 2 days prior to eviscera- 
tion. Broken lines indicate animals whose ureters were ligated at the time of evisceration. 
Samples marked with crosses were taken from the heart immediately after death. The 
other samples were taken from the tail. 

Fig. 2. Effect of ureteral ligation. The animals wore fasted for 4 daj'S prior to eviscera- 
tion. Broken lines indicate animals whose ureters were ligated at the time of evisceration. 
Samples marked with crosses were taken from the aorta with the animal under amytal 
anesthesia. The letters identify the animals listed in table 1, where the samples taken 
simultaneously from the renal vein are compared with these from the aorta. The other 
samples were taken fron the tail. 

Fig. 3. The effect of phloridzinizaiion. The animals were fasted for 5 days prior to evis- 
ceration. They were given doses of 50 mgm. of phloridzin suspended in peanut oil subcu- 
taneously 4 days before evisceration and again on the day before evisceration. Urine 
samples, collected from the renal pelves at the end of the e.xperiment from the animals whose 
ureters had been ligated, all gave a positive test with Benedict’s qualitative reagent. Urine 
was voided twice after evisceration by the animal whose ureters had not been ligated. Both 
samples gave a positive test for sugar with the reagent mentioned. The significance of the 
broken lines, letters and crosses is as given for figure 2. 

Fig. 4. Effect of mercury bichloride. The animals were fasted for 4 daj''S prior to eviscera- 
tion. They were given 20 mgm./kgm. of mercury bichloride in 1/1000 solution in saline 
subcutaneously 2-3 hours before evisceration. After an animal had e.xhibited a convulsion 
and was about to expire, it was given intravenously 0,25 ml. of a 25-gram % glucose solution 
per 100 gram of body weight (eviscerated). The animals regained consciousness and were 
able to sit up vdthin a few minutes after this treatment. The blood sugar curves for before 
and after this treatment are connected by dotted lines. The significance of the letters and 
crosses is as given for figure 2. 

Fig. 5. The effect of mercury bichloride after ureteral ligation. The animals were fasted 
for 4 days prior to evisceration. Their ureters were ligated under ether anesthesia about 
4 hours before evisceration, and they were given 20 mgm./kgm. of mercury bichloride in 
saline subcutaneouslj’- about two hours before evisceration. The samples marked with 
crosses were taken from the heart immediately after death. All of these animals exhibited 
convulsions before death. 
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Pliloridzinization likewise was found to be without any marked effect on 
sugar formation in the Iddney. (See fig. 3 and aiiimals F-J in table 1.) The 
animals suiwived well. They maintained blood sugar levels that seemed higher 
than w^e usuallj’' find in the eviscerated rat and exhibited a definite increase in 
the blood sugar concentration in the renal vein as compared with that in the 
aorta. One of the animals given phloridzin exhibited all of these findings, save 
that its sugar levels were lower, in spite of the fact that its ureters had not been 
ligated and it w'^as demonstrably losing quantities of sugar in its urine. 

Mercury bichloride administration promptly caused the eviscerated animals 
to develop a fatal hypoglycemia. (See fig. 4 and 5 and mnmajs K-M in table 1.) 
Ureteral ligation did not interfere wdth this action of mercury. Somewhat sur- 
prisingly, how'ever, the mercuiy did not prevent the appearance of a higher 
blood sugar level in the renal vein as compared with the aorta in 2 of the 3 
animals studied. 

The lack of effect of ureteral ligation in preventing either renal glucogenesis 
or mercury poisoning may be interpreted alternatively as indicating either that 
ureteral ligation does not significantly reduce the rate of glomerular filtration or 
that this process is not necessarj'^ for these phenomena to occur. Since a search 
of the literature failed to yield any pertinent evidence on this point, further 
experimental work Avill be needed to resolve the issue. The result is, how^ever, 
of some practical significance, for now it is clear that ureteral ligation can be 
used to eliminate the loss of substances in the urine when the renal glucogenic 
function is under study in this species. This consideration, for instance, w'^as 
useful in the study of the effect of phloridzin. The lack of correlation of this 
finding in the rat with that of Bergman and Drury in the rabbit suggests a species 
difference, but it may merely be due to a difference in the experimental approach. 

The simplest explanation of the results of the studies on the effects of phloridzin 
would seem to be that the phenomenon of renal glucogenesis is not intimately 
related to that involved in the resorption of glucose from the glomerular filtrate. 

It is evident that the action of mercury bichloride is to make the sources of 
blood sugar in the eviscerated, non-nephrectomized rat inadequate to meet its 
metabolic needs. Since the renal blood flow was not measured, it is not apparent 
w'hether this was due to increased utilization or decreased production. Under 
the conditions of this experiment it is clear, however, that mercuric chloride 
does not entirely stop renal glucogenesis. 

SUMMARY 

Ureteral ligation and pliloridzinization did not prevent the Iddney from acting 
as a source of blood sugar in the eviscerated rat. Administration of mercury 
bichloride led to the prompt development of hypogljmemia in this preparation. 
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The essential amino acids fall broadly into two categories with respect to their 
renal tubular reabsorption when administered singly to unanesthetized dogs: 
a) those whose reabsorption is essentially complete at all technically feasible 
plasma levels, and b) those that can be demonstrated to have a fairly Avell-defined 
maximal reabsorptive rate or Tm, as was first shown to be the case for arginine 
by Pitts (1) . The following amino acids may be classed in group 1 : tryptophane, 
leucine, isoleucine, valine, histidine, methionine, threonine and phenylalanine 
(2, 3, 4). The amino acids arginine and lysine are in group 2 (3). 

Knowledge gained in other studies of renal physiologj'^ in which substrates 
have been reported to compete for a common functional transport mechanism 
has suggested the possibihty that a similar competition maj’- exist among amino 
acids for reabsorption by one or more processes. If such a state of competition 
or interference exists, then the reabsorption of individual amino acids adminis- 
tered as mixtures or as protein hydrolysates may be quite different quantitatively 
from what might be anticipated on the basis of the above classification and litera- 
ture. 

It has been the purpose of this study to administer certain pairs of amino acids 
together and to evaluate their competition for reabsorption bj’’ the tubules. 
Such a competition will be reported herein to hold for certain amino acids and 
not for others. As in our previous work, we have made use of microbiologic 
methods for the specific determination of the amino acids studied. A prelimi- 
nary report of these findings has been made (5). 

Methods. In general the methods used in this study were similar to those 
reported previously (2-5). The clearances were determined on three unanes- 
thetized dogs trained to lie lightly restrained in a comfortably padded cradle 
during the experiments. Creatinine was administered subcutaneously in a 3.0 
gram dose before the study since its clearance is equivalent to glomerular filtra- 
tion rate in the dog. Para-aminohippurate was administered orally in a dose 
of 100 mgm./kgm. one to two hours before beginning the clearance periods. Its 
clearance is equivalent to minimal renal plasma flow and the oral administration 
permits a sustained plasma concentration in dogs of about 1 mgm./lOO cc. over 
a period of at least 3 hours. To condense the tables all PAH clearances have 
been omitted except as a token in table 4, since they did not contribute materially 
to the interpretation of these data. The amino acids were administered intra- 
venousl}’- b}"- an electrically driven infusion apparatus at a definite rate of 3 to 
12 cc./min. and in an amount indicated in the tables for the various experiments. 
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The methods used for the microbiologic assay of the amino acids have been 
referred to previously (2, 3, 4). Assays on suitably diluted urine samples were 
carried out without previous treatment. Determinations of the amino acids in 
plasma were carried out on protein-free filtrates prepared according to the method 
of Dunn ei aL (6). 

These studies have involved the coadministration of o) two amino acids well re- 
absorbed at high plasma concentrations; b) two amino acids relatively poorly 
reabsorbed at high plasma levels; or c) two amino acids one of which was poorly 
reabsorbed, and the other well reabsorbed, when administered alone. 

Results and discussion. Compelilion between two individually well-re- 
absorbed amino acids has been demonstrated herein for leucine and isoleucine 
(table 1). The design of this experiment Avas such that in the initial phase the 


Tabi/E 1. Interference of leucine ivith the tubular reabsorption of isoleucine 

Dog 1, wt. 17.2 kgm. 


i 

CREATININE 

CLEAIUNCE 

tmiNE 

FLOW 

U— )-lIMlaNE 

dl-isoixnciNE 

Plasma 

cone. 

Amount 

filtered 

1 Amount 

1 reabsorbed 

j Clearance 

Plasma 

1 cone. 

Amount 

filtered 

Amount | 
reabsorbedj 

Clearance 


Leucine dosage; priming, 4.0 mgm/kgm., i.v.; maintenance, S.O mgm/kgm/min., i.v. for 
the duration of the e.\periment. Infusion rate, 6.0 cc/min. Equilibration period for 
leucine before initial clearance, 30 min. 


cclmin. 

cc/min. 

mgm/cc. 

mgm/min. 

mgm/min. 

cc/min. j 

mgm/cc. 

mgm/min. 

mgm/min. 

cc/min. 

68.5 

5.2 

0.43 

29.46 

29.43 

0.08 j 

0.026 

1.78 

1.77 

0.26 

75.6 

5.7 

0.50 

37.80 

37.74 

0.11 J 

0.023 

1 1.74 

1.73 

0.31 


Isoleucine dosage: priming, 2.0 mgm/kgm., i.v.; maintenance, 4.0 mgm/kgm/min., i.v. 
Equilibration period for isoleucine plus leucine before next clearance period, 30 min. 


72.4 j 

11.3 1 

1.05 1 

76.02 

64.70 1 

10.78 

0.27 

19.33 

15.26 

15.26 

70.1 1 

11.9 1 

I 

0.99 

1 

69.40 

53.28 

16.29 

0.35 

24.74 

19.74 

14.18 


plasma concentration of leucine AAms elevated to determine its effect on the clear 
ance of endogenous isoleucine over successive 10-minute periods. In the second 
phase the maintenance infusion of leucine remained constant but the plasma 
concentration of isoleucine AA^as elevated by the intravenous coadministration of 
isoleucine Avith leucine. After a SO-minute equilibration period duplicate 10- 
minute clearances of both compounds Avere obtained. 

The clearances of the tAvo compounds at the loAver plasma levels Avere similar 
to those observed previously in that the values Avere less than 1.0 cc/min. How- 
ever, in the second phase, at a plasma concentration of approximately 0.3 
mgm/ cc., the clearance of isoleucine increased to about 15 cc/min., and the re- 
absorption of the compound decreased to 75 %. This latter finding Avas in 
sharp contrast to the results obtained Aidien isoleucine Aims administered alone 
to dogs. Previously AA'-e found that at plasma concentrations up to 1 mgm/cc., 
the clearance of isoleucine administered alone A\^as onlj^ 1.1 cc/min. (2). It 
seems clear then that the coadministration of leucine decreased the reabsorptive 
capacity of the tubules for isoleucine. 
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Previously published data on leucine have been inadequate for similar com- 
parisons, since the plasma concentrations were lower than those reported herein. 
In more recent unreported experiments we have found that at plasma concentra- 
tions of 1.0 mgm/cc., the clearance of leucine administered alone was about 13 
cc/min., or approximately that observed in the present experiments where leucine 
was administered with isoleucine. The results indicate that in a competition 
between these amino acids for reabsorption by the renal tubules leucine is re- 
absorbed at the expense of isoleucine. 

Competition between two relatively poorly reabsorbed amino acids has been demon- 
strated for arginine and lysine. The design of the experiment was fundamental!}'- 
the same as that of the previous one for leucine and isoleucine and has been 
incorporated as a protocol in table 2. Essentially we have determined the effect 


Table 2. Competition between arginine and lysine for tuhxdar reabsorption 

Dog 2, wl. 13.9 kgm. 


CREATININE 

1 

URINE 

l(+)-AKGINlNE 

l(-(-)-I.YSIN'E 

CLEARANCE 

FLOW 

Plasma 

cone. 

Amount 

filtered 

Amount 

reabsorbed 

Clearance j 

Plasma 

cone. 

Amount | Amount 1 
filtered jreabsorbedl 

Clearance 


Arginine dosage: priming, 4.0 mgm/kgm., i.v.; maintenance, 7.0 mgm/kgm/min., i.v. 
for the duration of the e.xperiment. Infusion rate, 3.0 cc/min. Equilibration period 
of arginine infusion before initial clearance, 25 min. 



cc/min. 

msm/cc. 

msm/min. 

mgm/min. 

cc/min. 

I mgm/cc. j 

mgm/min. 

mgm/min. 

cc/min. 


7.7 

0.31 

20.85 

9.67 

36.29 


3.25 

1.75 

31.3 


8.2 

0.38 

25.73 

9.46 

42.37 


3.42 j 

1.93 

29.2 


Lysine dosage: priming, 4.0 mgm/kgm., i.v.; maintenance, 7.0 mgm/kgm/min., i.v. 
Arginine dosage: maintenance, 7.0 mgm/kgm/min., i.v. Equilibration period of 
arginine plus lysine infusion before next clearance, 25 min. 


58.0 

10.4 

0.54 

31.15 

3.05 

52.32 j 

0.40 

23.03 

3.13 

1 50.10 

59.7 

10.3 

0.61 

36.60 

1 5.10 

51.38 

0.46 

27.70 

2.64 

1 54.00 


of arginine, at filtration loads sufficient to measure its Tin, on the reabsorption 
and clearance of endogenous b'^sine. In addition-, the experiment was de.signed 
to demonstrate the mutual effect of the two compounds at elevated plasma con- 
centrations on their respective reabsorptive capacities. 

In the light of our previous experience with these two compounds studied 
singly (3), several findings are noteworthy. The reabsorption of arginine at 
elevated plasma concentration, or filtration load, suppressed the tubular re- 
absorption of endogenous Ij'^sine significant^. Tiffs effect is the more impressive 
if it be recalled that at endogenous plasma concentrations of lysine alone its 
clearance was 0.14 cc/min. as compared with clearances of about 30 cc/min. 
(table 2) in the present stud}'- at similar plasma concentrations. 

The Tin for arginine in this animal in this and other trials was about 9 to 11 
mgm/min. Tm values for lysine have been found to be 10 to 14 mgm/min. in 
this and other dogs of this size or larger. However, in the second phase of the 
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experiment, kimmarized in table 2, the Tm values for both compounds were 
depressed greatly, as represented by the rates of reabsorption at elevated plasma 
concentration. Whereas the average filtration rate for lysine increased 7.6-fold 
at the elevated plasma concentration, its reabsorption bj’- the tubules increased 
only 1.6-fold over the rate of reabsorption of endogenous lysine. The plasma 
concentration of 0.40 to 0.46 mgm/cc. has been found to be sufficient for the 
measurement of lysine Tm when that compound was administered alone. Simi- 
larly, the amount of arginine that was reabsorbed decreased when coadministered 
with lysine, even though its plasma concentration and filtration rate increased. 
The decreased total mgm/min. reabsorption of the two compounds in the second 
phase below that obtaining in the first part of the experiment has not been found 
consistently. Frequently the sum of the reabsorptions of the two compounds at 
elevated plasma level approximates the Tm for one of the amino acids instead of 
the sum of their Tm values. This may be considered as at least presumptive 
evidence that arginine and lysine are reabsorbed by a common transport mechan- 
ism. The decreased creatinine clearance in the second phase of table 2 is not 
representative for the three dogs or repeated experiments on the same animal. 

Competition between tiuo amino acids, one of luliich is poorly reabsorbed and the 
other well reabsorbed when administered alone, has been demonstrated between 
arginine and Instidine (table 3). In this experiment clearances of endogenous 
arginine and histidine were determined followed by clearances of the two amino 
acids after plasma levels of both compounds had been elevated in increments by 
the use of intravenous infusion of the two compounds in the dosages indicated. 

At plasma levels of arginine of approximate^ 0.15 mgm/cc., resulting in the 
filtration of 12-13 mgm/min. of arginine, 11-12 mgm/min. were reabsorbed. 
With further elevation in plasma level the simultaneous administration of histi- 
dine resulted in a reduction in the capacity of the tubides to reabsorb arginine so 
that at a plasma level of about 0.40 mgm/cc., resulting in a filtration of about 
30 mgm/min. of arginine, only 6 mgm/min. were reabsorbed. It null be recalled 
that when arginine is administered alone the dog is capable of reabsorbing about 
11 mgm/min. (15 mgm/min/sq. meter). Clearty then the coadministration 
of histidine with arginine resulted in a decreased capacity to reabsorb arginine. 

Published data on the clearances of histidine have not been carried out at 
plasma levels sufficient^ high for interpretation of the histidine data of the pres- 
ent experiment. However, subsequent unpublished experiments have shorni 
that the plasma level of histidine in dogs may be raised to 1 mgm/cc., resulting 
in the filtration of 55 mgm/min. of histidine, with clearance of 1 cc/min. or less. 
In the present experiment where plasma levels of onlj'- 0.50-0.60 mgm/min. were 
obtained, in the presence of similar plasma levels of arginine, histidine clearances 
of 13-16 cc/min. were obseived. Thus there was a reciprocal decrease in the 
reabsorptive capacity of the tubules for both arginine and histidine when the 
two amino acids were administered together. 

Instances xoherein interference xoiih reabsorption could not he demonstrated when 
two amino acids were inf used together. Table 4 summarizes an experiment wherein 
the effect of glycine on the reabsorption of isoleucine was studied. We have not 
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Table 3. Competition hetiveen arginine and histidine for hihular rcahsorplion 

Dog 3, wt. 14.9 kgm. 


URINE 

FLOW 

1(4-)-argininc 

l(-t-)-nisTiDmE 

Plasma 

cone. 

Amount 

filtered 

Amount 

reabsorbed 

Clearance 

Plasma 

cone. 

Amount 

filtered 

Amount 

reabsorbed 

Clearance 


Control: post-absorptive but after priming dose of water 


cdtnxn. 1 


mgmicc. 

mgmjmxn. \ 

mpnfmxii. | 

ccjmxn. 

mgm/cc. 

mgmimin. 

mgtnlmin. 

ccimin. 



0.018 

1.40 

1.39 

0.54 

WMMra 

1.40 

1.39 

. 0.36 


■B 

0.016 

1 

0.95 

0.94 i 

0.50 

1 


1.06 

1.05 

0.33 


Arginine and histidine dosage: priming, 2 mgm/kgm., i.v.; maintenance, 4 mgm/kgm/min., 
i.v. Infusion rate, 3 cc/min. Equilibration period of infusion before initial 

clearance, 25 min. 


85.9 

4.4 

0.147 

m 

12.01 



n 

BP 

74.3 

6.8 

0.168 


11.04 



HI 

BH 


Arginine and histidine dosage: priming, 4 mgm/kgm., i.v.; maintenance, 6 mgm/kgm/min., 
i.v. Infusion rate, 3 cc/min. Equilibration period of infusion before initial 

clearance, 25 min. 


68.7 

8.3 

BP 

18.14 

9.15 

34.05 

IB 

B 

B 

3.30 

61.5 

4.9 

B 

18.88 

8.81 

32.80 


B 

B 

4.54 


Arginine and histidine dosage: priming, 6 mgm/kgm., i.v.; maintenance, 8 mgm/kgm/min., 
i.v. Infusion rate, 3 co/min. Equilibration period of infusion before initial 

clearance, 25 min. 



Bffii 

B 

27.07 


55.66 

B 

38.88 


B 


1.7 

B 

32.53 

mm 

58.39 

B 

48.35 




Table 4. ‘Absence of interference of glycine with the Utbular reabsorption of isoleucine 

Dog I, wt. 17.5 kgm. 


RENAL PLASMA 
PLOW 

CREATININE 

CLEARANCE. 

URINE FLOW 

dl-ISOLEUCINE 

Plasma 

cone. 

Amount 

filtered 

Amount 

reabsorbed 

Amount 

excreted 

Clearance 

Glycine dosage: priming, 4.0 mgm/kgm., i.v.; maintenance, 8.0 mgm/kgm/min., i.v. for 
the duration of the experiment. Rate of infusion, 3.0 cc/min. Equilibration period 
for glycine infusion before first clearance, 20 min. 

ccimin, 

207 

220 

HIHH 

H 

mgm/cc. 

0.068 

0.058 


mgm/min. 

5.92 

5.55 

1 

mgm/min. 

0.003 
0.004 1 


Isoleucine dosage: priming, 2.0 mgm/kgm., i.v.; maintenance, 4.0 mgm/kgm/min., i.v. 
Equilibration period for glycine plus isoleucine infusion before beginning next clearance 

period, 30 min. 

237 

176 

83.8 

74.3 

8.0 

7.3 

0.330 

0.355 

27.65 

26.38 

27.34 

25.96 

0.31 

0.42 

0.95 

1.19 
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determined glycine microbiologically; consequentlj’’, in this and in subsequent 
experiments involving glycine administration, interpretation is limited to the 
effect of glycine on the behavior of the amino acid determined. The effect of 
glycine on the clearance of isoleucine was determined at endogenous and elevated 
plasma concentrations of the latter compound. This experiment may be com- 
pared with that for leucine and isoleucine represented in table 1 ; since the same 
dog was used, the rates of infusion of glycine and leucine were the same, and the 
plasma levels for isoleucine were essentially the same in the two instances. 


Table 5. Absence of competition between arginine and leucine for tubular rcabsorption 

Dog 3, wt. 14.0 kgm. 


\ 

CREATININE 

l(+)-ARGININE 

{1 — )-I.EUCINE 

CLEARANCE 

Plasma 

cone. 

Amount 

filtered 

Amount 

reabsorbed 

Clearance 

Plasma 

cone. 

Amount 

filtered 

Amount 

reabsorbed 

Clearance 


Endogenous control clearances 


cc/m:rt. 

I msmtcc. 1 

mgmimin. 

msm/min. 

cclmin. 

[ mgm/cc. 

mgmimin. 

mzm/min. 

cclmin. 

. 59.2 


3.08 

3.07 

0.10 

WHUjwa 

0.42 

0.42 


62.2 


3.98 

3.97 

0.12 


0.34 

0.34 



Arginine dosage; priming, 2.0 mgm/kgm., i.v.; maintenance, 2.0 mgm/kgm/min., i.v. for 
the duration of the experiment. Infusion rate, 6.0 cc/min. Infused for 15 minutes 
. before next clearances were performed 


57.0 

0.12 

6.95 

6.94 

0.05 


3.88 

3.88 


52.2 

0.14 

7.31 

7.30 

0.04 


3.81 

3.81 

■■ 


Leucine dosage: priming, 2.0 mgm/kgm., i.v.; maintenance, 4.0 mgm/kgm/min., i.v. 
Infusion of arginine plus leucine for 15 minutes before next clearances were performed 


57.0 

0.18 

10.09 

10.08 

0.06 

0.15 

1 8.78 1 

8.76 

0.09 

53.7 

0.19 

10.10 

10.09 

0.06 

0.T8 

1 9.45 1 

9.44 

0.08 


Leucine dosage; priming, 4.0 mgm/kgm., i.v.; maintenance, S.O mgm/kgm/min., i.v. 
Infusion of arginine plus leucine for 15 minutes before next clearances were performed 


50.0 

0.19 

9.45 

9.44 

0.06 

0.32 

16.10 

16.07 

0.08 

62.4 

0.17 

10.80 

10.79 

0.08 

1 

0.42 

26.40 

23.36 

0.09 


It is quite clear from this comparison that glycine exerted no demonstrable 
effect on the reabsorption of isoleucine at endogenous or elevated plasma con- 
centrations of the latter amino acid. Since the amount, of isoleucine reabsorbed 
per minute in this experiment was materially greater than in the experiment 
summarized in table 1, the data lend additional support to the thesis that the 
coadministration of leucine in large amounts depressed the reabsorption of isoleu- 
cine. Similarly, it has been demonstrated that glycine did not alter the reab- 
sorption of leucine at rates of infusion that did not produce general systemic 
effects. 

It can be demonstrated that arginine and leucine do not mterfere with the 
reabsorption of each other (table 5). There was no indication of an impairment 
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of leucine reabsorption b}’’ arginine in this or in other experiments in which the 
plasma concentration and the amount of either or both compounds presented 
to the tubules for reabsorption was increased several-fold. 

Arginine reabsorption has been reported by Pitts to be impaired by glycine 
(1). We have studied its effect on arginine reabsorption, as illustrated by the 
experiment summarized in table 6. 


Table 6. The effect of glycine on the tubular reabsorption of arginine 
' Dog 1, wt. 16.7 kgni. 


1 

CREATININE | 

1 

URINE ELOW 

1 (+)-AROININE 

CLEARANCE | 

Plasma cone. 

Amount filtered 

Amount 

reabsorbed 

Clearance 


Arginine dosage; priming, 2.0 mgm/kgm., i.v.; maintenance, 2.0 mgm/kgm/min., i.v. 
throughout the experiment. Equilibration period for arginine infusion before 

first clearance, 15 min. 


celmin. , 

cc/miu. 

msmfcc. 

msm/min. 

mgm/min. 

cc/min. 

76.8 

5.5 

0.10 

7.76 

7.74 

0.17 

71.4 

5.2 

0.12 

8.35 

8.21 

1.23 ■ 


Glycine dosage: priming," 2.0 mgm/kgm/min., i.v.-; maintenance, 4.0 mgm/kgm/min., i.v. 
Equilibration period for arginine plus glycine infusion before next clearance, 15 min. 


75.1 

5.6 

0.14 

10.51 

10.14 

2.67 

71.2 

5.5 

0.16 

11.18 

10.71 

3.03 


Glycine dosage: priming, 3.0 mgm/kgm/min., i.v.; maintenance, 8.0 mgm/kgm/min., i.v. 
Equilibration period for arginine plus glycine infusion before next clearance, 15 min. 


70.6 

6.0 

1 0.16 

11.44 

10.11 

8.21 

79.7 

6.1 

[ 0.15 

11.72 

10.74 

6.69 


Glycine dosage: priming, 4.0 mgm/kgm/min,, i.v.; maintenance, 16.0 mgm/kgm/min., i.v. 
Equilibration period for arginine plus glycine infusion before next clearance, 15 min. 


66.6 

6.7 

0.13 

8.39 

7.31 

8.57 

67.1 

7.0 

0.12 

8.32 

7.27 

8.47 


In this experiment we have attempted to hold the plasma concentration for 
arginine constant at a level that would just make possible the detei’mination of 
Tm. If glycine inhibited the reabsorption of arginine, the Tm value should be 
depressed out of proportion to any variation in glomerular filtration. The 
plasma concentration of glycine was increased step-wise by progressive increases 
in the amount infused per minute. In the last phase of the experiment the 
infusion of glycine was twice (16 mgm/kgm/min.) anj-- infusion rate for other 
compounds studied in this series. From such an experiment as represented in 
table 6, it would be difficult to conclude vdthout reservation that glycine materi- 
ally interfered with the reabsorption of ai'ginine as determined microbiologically. 
Certainly such a competition as, for example, that between arginine and lysine, 
is not demonstrable. 
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It appears that there may be no single relationship that holds for the inter- 
ference of amino acids with the reabsorption of each other. Some pairs of 
compounds such as arginine and Ij’-sine, arginine and histidine, or leucine and 
isoleucine do compete with each other for reabsorption when the amount of the 
compounds presented to the tubules for reabsorption approaches the functional 
capacity of the cells to reabsorb one of that pair of amino acids. 

The results of the present paper have been summarized diagrammatically in 
figure 1, in which the amino acids are placed into groups with respect to the 
presence or absence of demonstrable competition among them for tubular re- 
absorption. These results suggest, but do not prove, that several selective 
mechanisms may be involved in the tubular reabsorption. One mechanism 
appears to be concerned with the basic amino acids, arginine, histidine and lysine. 
A second transport mechanism seems to be concerned with at least the mono- 
amino-monocarboxjdic amino acids, leucine and isoleucine. A third mechanism 


Group I 
"Arginine 

-Histidine 

-Lysine 




Group II 

Leucine 


-Isoleucine 


] 

' 



Group III 
Glycine~ ZI 



Fig. 1. Classification of amino acids into groups vdth respect to probable mechanism of 

reabsorption. indicates established interference. - indicates no demonstrable 

interference. 


may be concerned with glycine transport, since it was not possible to demonstrate 
that the administration of this amino acid in large amounts interfered with the 
tubular reabsorption of amino acids from either of the two established groups. 

SUMMARY 

Competition for reabsorption by the renal tubules was demonstrated to exist 
follovfing the intravenous administration of the amino acid pairs arginine and 
lysine, arginine and histidine, leucine and isoleucine. No competition for re- 
absorption was observed with the amino acid pairs arginine and glycine, leucine 
and gtycine, isoleucine and glycine, and arginine and leucine. The results are 
interpreted to indicate the existence of at least two tubular mechanisms for the 
reabsorption of amino acids. 


REFERENCES 

(1) , Pitts, R. F. This Journal 140 : 535, 1944. 

(2) Beyer, K. H., L. D. Wright, H. F. Russo, H. R. Skeggs and E. A. Patch. This 

Journal 146: 330, 1946. 



210 


BEYER, WRIGHT, SKEGGS, RUSSO AND SHANER 


(3) Wright, L. D., H. F. Russo, H. R. Skeggs, E. A, Patch and K. H. Beyer. This 

Journal 149: 130, 1947. 

(4) Russo, H. F., L. D. Wright, H. R. Skeggs, E. K. Tillson and K. H. Beyer. Proc. 

Soc. E.xper. Biol, and Med. 66: 215, 1947. 

(5) Wright, L. D., H. F. Russo, H. R. Skeggs, G. A. Shaner and E. H. Beyer. Fed. 

Proc. G: 230, 1947. 

(6) Dunn, M. S., H. F. Schott, W. Frankl and L. B. Rockland. J. Biol. Chem. 167; 

387, 1945. 



ENDOGENOUS AND EXOGENOUS CREATININE 
CLEARANCES IN THE RAT 

RICHAEX) W. LIPPMAN» * 

From the Department of Medicine, Stanford University School of 
Medicine, San Francisco, California 

Received for publication August 1, 1947 

There have been few determinations of renal clearances in the rat. The rat is 
a small animal, and because of this it is difficult to collect urine samples with 
accuracy and to collect blood without producing shock. However, because the 
rat is small it is useful for investigations involving the use of substances wRich 
cannot be obtained in quantity. This study w^as undertaken as one in a series, 
investigating the use of clearances as a measure of renal function in the rat. The 
results presented here indicate that at endogenous levels of serum creatinine con- 
centration, the creatmine clearance is much longer than at high serum concen- 
trations produced by injection of creatinine. 

Methods. In this study we used 191 normal albino rats of both sexes over a 
wide wmght range. Creatinine was determined in serum and urine by a modifi- 
cation of the Folin-Wu method described by Barrett and Addis (1). 

Clearances were performed on groups of 5 to 10 rats of uniform sex and body 
weight. The rats w'ere placed on a diet containing 10% dextrose and 1% of a 
vitamin B complex in 0.4% salt solution at 4:30 p.m. on the day preceding the 
experiment. In the morning the rats were lightly anesthetized with ether, the 
tails w'ere cut, and 0.5 cc. of blood was collected for blank deteiminations. A 
rubber tourniquet w^as used to prevent subsequent blood loss. Then the material 
for clearance determination w^as injected subcutaneously into both scapular 
regions in a volume of 10 cc. Each rat was timed individually, and at the desired 
time after injection the rats were lightly etherized, causing the bladders to empty. 
The tourniquets were removed and, after warming the tail, 1.0 to 1.5 cc. of blood 
were obtained by free bleeding. The tourniquets were replaced and urine was 
collected for one hour. 

At the end of the collection period the rats were again anesthetized, causing the 
bladders to empty and ending the collections. They were then exsanguinated bj’’ 
severing the abdominal aorta. Kidney w^eights and urine volumes w'ere 
measured, and body w^eights w^ere obtained just before injection of fluid. Chemi- 
cal deteiminations w^ere made on pooled specimens of serum and urine. 
Clearances were calculated on the basis of mid-point serum concentrations 
obtained from the mean of the log concentration at start and finish of the col- 
lection period. 

Exogenous creatinine clearances w^ere obtained by injecting 50 mgm. of creati- 
nine in 10 cc. of 0.85% salt solution. The mid-point serum concentration was 

' The author expresses grateful appreciation for the technical assistance of Evalyn Bar- 
rett and William Lew. 
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varied by changing the interval between time of injection and time of starting 
collection from | hour to 5| hours. The dose of creatinine remained constant. 
Endogenous creatinine clearances were obtained by the use of 10 cc. of 0.85% 
salt solution alone. 


Table 1 . Endogenous and exogenous creatinine clearances in the rat 


1 

NO. RATS 

1 

JIEAN 

1 

MEAN 

MEAN URINE VOL. 

1 

MEAN GREAT.! 

1 

MIDPOINT SERUM , 

CLE^\IU\NCE 

IN GROOP 1 

G.BIV j 

MGM.KW 1 

cc/g.kw/mi.v. 

mgm./c.kw/min, 

CRKAT. J£GJf.% j 

cc/g.kw/mik. 


Endogenous 


10 

181 

1029 


0.00314 



9 

187 

1122 


0.00276 



7 

174 

1088 

0.023 

0.00347 

0.79 


9 

179 

1331 

0.010 

0.00226 

0.85 


8 

179 

1108 

0.018 

0.00309 

0.87 

B^B 

9 

179 

1063 

0.036 

0.00402 

0.91 


10 

184 

1341 

0.015 

0.00345 

1.05 

0.328 


Intermediate exogenous 


7 

■a 

IRI 

— 

0.00960 

1.28 


9 

mm 

Bl 


0.00976 

1.32 


7 

185 

IB 

0.021 

0.0153 

1.48 



179 

■■ 

0.028 

0.0149 

1.52 



Exogenous 


8 

• 360 

2059 

0.032 

0.0386 

2,77 

1.39 

5 

170 

1150 

0.025 

0.0532 

3.76 

1.41 

7 

174 

1217 

0.023 

0.0455 

3.80 

1.20 

5 

190 

1321 

0.030 

0.0663 

4.02 

1.65 

6 

171 

1131 

0.021 

0.0697 

4.07 

1.71 

6 

184 

1279 

0.031 

0.0564 

4.09 

1.38 

7 

177 

1195 

0.028 

0.0608 

4.22 

1.44 

5 

180 

1102 

0.029 

0.0570 

4.68 

1.22 

8 

181 

1236 

0.020 

0.0657 

4.72 

1.39 

8 

186 

1047 

0.022 

0.0589 

4.90 

1.20 

10 

186 

1178 

0.023 

0.0663 

5.06 

1.31 

6 

181 

1162 

0.018 

0.204 

11.8 

1.74 

7 

179 

1088 

0.020 

0.194 

13.4 

1.45 

8 

176 

1037 

0.024 

0.204 

14.0 

1.45 


Pooled material from groups of rats was used in order to minimize individual 
variations. In addition, this permits the use of larger samples for determi- 
nations, thus increasing the accuracj’^ of procedures. 

Because any large population of rats contains some individuals noth gross 
kidney abnormalities, each animal was autopsied at the kill, prior to pooling 
material. The specimens from those vdth gross renal abnormalities, such as 
advanced cystic kidnej'^s, were excluded from the pool. In addition, those ani- 
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mals which did not bleed freely from the tail without pressure, those which bled 
inadvertently during the collection period and those which had extremelj'- low 
urine volumes during the hour of collection were also excluded. 

Insofar as structural factors are concerned, clearance varies with the glomerular 
filtration surface and with the tubular mass, depending upon the substance 
cleared. It seems obvious that the most direct reference for correction vdth 
respect to these factors is the weight of the kidney. In the rats we used, kidney 
weight varied not directly as body weight but as the 0.72 power of body weight 
(2). Therefore, we have expressed clearance in teiTQS of the observed kidney 
Aveight (KW). Since most other investigators have expressed their results in 
terms of body weight (BW), we have given our results in these terms also for 
purposes of comparison. 

Results. The endogenous creatinine clearance had a mean value of 0.371 cc./ 
G.KW /min. obtained at serum levels varying from 0.79 to 1.05 mgm.% (table 1). 
In terms of body AArnght, this Avas equivalent to 0.237 cc./lOOG.BW/min. In 
contrast, exogenous creatinine clearances obtained at serum creatinine leA^els 
varying from 2.77 to 14.05 mgm.% had a mean value of 1.43 cc./G.KW/min. 
In terms of body AA'eight this Avas equhmlent to 0.915 cc./lOOG.BW/min. Exoge- 
nous creatinine clearances at intermediate serum levels gave intermediate figures. 

Although the range of serum concentrations over AA'hich the creatinine clearance 
changes is small, the change itself is striking, a fourfold increase in passing from 
endogenous to Ioav exogenous leA’^els. 

Comment. Friedman (3) has obtained exogenous creatinine, inulin and p- 
aminohippurate clearances, in the rat. He found that all of these clearances 
varied Avith urine fioAV, but that at any given level of fioAv the inulin and exogenous 
creatinine clearances were identical. The highest rates of urine flow he obtained 
Avere comparable to ours, and at this level he found a creatinine clearance of 0.697 
cc./lOOG.BW/min. and a p-aminohippurate clearance of 3.48 cc./lOOG.BW/min. 
We did not study the change in clearance A\dth urine flow but maintained a uni- 
formly high rate of floAv Avith little variation. Friedman’s suggestion that it 
Avould be more correct to saj'' that the clearances and urine flow all Amry AAuth the 
renal blood floAv seems reasonable. But Ave cannot agree Avith Friedman’s 
statement that the creatinine clearance is independent of serum concentration, 
although this appears to be true at levels above 2 mgm.%. Our differences may 
be a consequence of the facts that Friedman used AAdiole blood for creatinine de- 
terminations and did not inA'^estigate endogenous clearances. 

The difference betAveen endogenous and exogenous clearances might be 
explained by the presence in rat serum of a non-creatinine chromogen in the Jaffe 
reaction. If this Avere so, one Avould expect the clearance to rise to an asjmiptotic 
level as the serum concentration rose and the proportion of non-creatinine 
chromogen fell. This may be true in part, but to make the endogenous and ex- 
ogenous creatinine clearances equal it AA^ould be necessary to assume that almost 
all the color fonned by nonnal rat serum in the Jaffe reaction, equiAmlent to about 
0.7 mgm.%, is due to non-creatinine chromogen, and this appears unlikely. 
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StnviM^VRY 

1. Creatinine clearances in the rat were found to increase about fourfold as the 
serum concentration of creatinine increased from endogenous levels to about 2.0 
mgm.%, while at levels above 2.0 mgm.% they remained relatively constant. 

2. At endogenous levels, the mean creatinine clearance was found to be 0.371 
cc./G.KW/min. At seram concentrations above 2.0 mgm.%, the mean creati- 
nine clearance was found to be 1.43 cc./G.KW/min. 
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•The value of 2,3-dimercaptopropanol (British Anti-Lewisite, or BAL) for 
counteracting the various effects of mercury in both man and experimental 
fluimnlR has been amply demonstrated (1, 2). It seemed hkely that BAL also 
would interfere with the action of mercurial diuretics. During the course of 
experiments designed to examine this possibihty in dogs, it was found that 
BAL cannot only prevent or interrupt mercupurin diuresis, but also can inhibit 
water diuresis. Tire present report is concerned with the antidiuretic effects 
of BAL and Avith a consideration of its mechanism of action. 

Methods. Experiments were performed in three weU-trained unanesthetized 
female dogs. Each dog was used for an experiment not more than once weekly 
and was kept on a constant water and food intake. 

All experiments followed the basic plan shonm for a control study in table 1. 
In each instance, the experiment was begun at 9 a.m., 22 hours after the last 
meal. Twenty ml. of water per kilogram of body weight was given through a 
stomach tube at zero time. Urine was collected approximately every 20 minutes 
by catheter with bladder washes. Rates of urine flow, glomerular filtration 
(creatinine clearance) and excretion of chloride were measured during each 
experiment. In many experiments renal plasma flow (p-amino hippurate clear- 
ance) was also measured. In addition, plasma chlorides and the hematocrit 
were measured at the begiuning of each expeiiment and at intervals thereafter. 

Mercupurin was given by intravenous injection. Ten % BAL in oiP and 
pitressin were administered by intramuscular injection. 

Creatinine was measured by a modified Folin procedure (3), p-amino hippurate 
by the Bratton and Marshall reaction (4) and chlorides by a modification of 
the Volhard method (5). 

Restjlts. 1. Effect of BAL on water and inercu'purin diuresis. The effect of 
an intramuscular injection of 1 ml. 10% BAL in oil on the diuresis and cliloru- 
resis resulting from the oral administration of 20 ml. water per kilogi’am body 
weight and 1 ml. mercupurin by vein was examined in each of 3 dogs. Uflien 

^ This investigation ■was aided in part by a grant from the Carnegie Corporation of New 
York. 

- Portions of this -work were presented before the Eastern Section of the American Fed- 
eration for Clinical Research, December 14, 1946. 

^ The authors are indebted to Lieutenant Colonel William T. DeVan of the Chemical 
Warfare Service, Edgewood Arsenal, Md., and to Dr. John H. Brewer of H 3 mson, Westcott 
and Dunning for a generous supply of 10% BAL in oil. 
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BAL was given to dog A 20 minutes before mercupurin, the maximum urine 
flow during the first hour was 1.1 ml. per minute and the maximum chloride 
excretion 4.4 microequivalents per minute, as compared to 5.8 ml. and 520 
microequivalents per minute during the control experiment with mercupurin 
alone (fig. 1, C and D). In the BAL and mercupurin experiment there was a 
subsequent increase in urine flow, although chloride excretion remained at ap- 
proximately the same level as was obseiwed in the water-control experiment 
in this dog (fig. 1, A). The administration of BAL alone (fig. 1, B) resulted in 
a transient antidiuresis. 

Similar effects were observed in dog B (fig. 2), although in this instance BAL 
was administered 15 minutes after the mercupurin. Toward the end of this 
experiment (fig. 2, D) there was a transient chloinresis, suggesting that there 
was not enough BAL to inactivate the mercurial completelJ^ 

BAL was administered at the height of diuresis in dog C, 40 minutes after the 
dose of mercupurin. Again, BAL inhibited the chloniretic effect of mercupurin 


Table 1. Protocol of typical experiment — dog A 
20 ml. of water per kgm. were given by stomach tube at 0 time 


TIME 

URINE FLOW 

URINE 

CHLORIDE 

1 

GLOMERULAR 

FILTRATION 

RENAL PLASMA 
FLOW 

PLASMA 

CHLORIDE 

HEMATOCRIT 

min. 

ml./miu. 

p,eq,ftnin. 

ml./min. 

ml./min. 

m.cg./l. 

7c RBC 

25- 45 

0.60 

4.1 

\ 

1 

108.5 

57 

45- 65 

1.15 

2.0 

71 

— 



65- 85 

1.15 

3.0 

76 

144 



85-105 

2.00 

4.0 

1 

148 

105.8 


105-125 

2.60 

3.0 

71 

151 



125-145 

2.95 

3.3 

72 

133 



145-165 

2.85 

3.6 

71 

135 

107.0 

53 


and caused a transient interruption in the diuresis resulting from the administra- 
tion of water. 

One-tenth ml. BAL appeared to be as effective in inhibiting the chloruresis 
following mercupurin as 1 ml. had been in dog C. However, administration of 
0.05 ml. BAL to dog A, 35 minutes after mercupurin, had no significant effect on 
diuresis and only a partial and transient effect on the excretion of chloride. 

2. Effect of pitressin on water and mercupurin diuresis. In view of the anti- 
diuretic effect of BAL, pitressin, a preparation containing an antidiuretic hor- 
mone, was administered to the three dogs in experiments similar in design to the 
BAL studies. These data are shown in figure 4. The intramuscular injection 
of 10 units of pitressin in dog B prevented the diuresis expected from the ad- 
ministration of -20 ml. of water per kilogram bodj'' weight. Unlike BAL, this 

^ The authors rsish to thank Dr. Richard de Bodo of the Department of Pharmacology 
of the New York University College of Medicine for his assistance and for his permission to 
use two of his dogs with permanent diabetes insipidus due to hypothalamic injury. The 
average daily fluid exchanges of these dogs prior to these studies were 3.0 and 3.5 liters, 
respectively. 
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dosage of pitressin resulted in a moderate cliloruresis. The effect of small doses 
of pitressin to dogs A and C, however, was not much different from that of BAL 
(Compare to fig. IB and 3B). The administration of 10 units of pitressin 35 
minutes after mercupurin to dog B (fig. 4) inhibited diuresis, but chloride ex- 
cretion rose to a liigh level. 

3. Effect of BAL on water diuresis in dogs with permanent diabetes insipidiis. 
One ml. 10% BAL in oil was injected intramuscularly into two dogs with dia- 
betes insipidus^ one hour after the administration of 40 ml. water per kilogram 
body weight. The rate of urine flow continued to rise after the BAL injection 
in each instance. The rates of glomerular filtration and chloride excretion were 
not measured in these experiments. 

4. Effect of BAL and pitressin on chloride excretion. To augment chloride 
excretion, these experiments were initiated by the administration of 20 ml. 
0.9% sodium chloride solution per kilogram bod}’' weight through a stomach 
tube, but otherwise were similar in design to the previous studies. The effect 
of injection of 1 ml. BAL in oil at the height of diuresis in two experiments on 
dog B (fig. 5) and in one experiment on dog A, as well as the effect of the admin- 
istration of 0.2 and 0.025 units of pitressin to dog B at the height of saline diuresis, 
were examined. The data for some of the experiments on dog B are summarized 
in figure 5. Although in each instance there was a decrease in the rates of water 
and chloride excretion after the injections, there were no significant differences 
from the control saline experiment (fig. 5A). 

5. Glomerular filtration rate, renal plasma flow, plasma chlorides and hemato- 
crit. Glomerular filtration rate was measured in all experiments except the two 
on dogs with diabetes insipidus. There were no trends in filtration rate that 
could be correlated with the effects of BAL or pitressin on the rates of water or 
chloride excretion. In dogs A and B, the filtration rates were consistently but 
only slightly increased during the second hour after fluid administration. 

Renal plasma flow was measured during 11 experiments. This function was 
more variable than filtration rate, and the only regular trend observed was 
a 30% increase during the second hour after the administration of sahne in 2 
experiments on dog A and 1 on dog B. 

A fall in plasma chlorides was noted in 17 of the 18 experiments wherein 20 
ml. water per kilogram bod}^ weight was given by mouth. The average fall for 
the entire group was 2.4 milhequivalents per liter of plasma. The hematocrit 
was followed serially in 9 of these experiments and fell an average of 7.2% after 
the water administration. In 7 experiments, 20 ml. of 0.9% sodium chloride 
solution was given per kilogi’am body weight. There was a slight fall in plasma 
chlorides in one, while the other 6 showed an average increase of 2 milliequiv- 
alents per liter of plasma. In this group of experiments, the average decrease 
in the hematocrit was 14.9%. The hematocrit changes quoted above should 
be interpreted with the knowledge that each experiment involved the withdrawal 
of 70 ml. whole blood. 

6. General reactions. Adverse signs and symptoms were noted during only 
3 of the 10 experiments when 1 ml. of BAL was administered. In each of these 
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Fig. 1. Effect of mercupurin and BAL, alone and in combination, on water diuresis and 
chloride excretion in dog A. Each experiment began with the oral administration of 20 ml. 

water per kgm. body weight. Dog A weighs 23.6 kgm. • • = rate of urine flow. 

O O = rate of chloride excretion. Hg = 1 ml. mercupurin intravenously. BAL = 1 

ml. 10% BAL in oil intramuscularly. 

Fig. 2. Effect of mercupurin and BAL, alone and in combination, on water diuresis and 
chloride excretion in dog B. Each experiment began with the oral administration of 20 ml. 
water per kgm. body weight. Dog B weighs 19.1 kgm. • • = rate of urine flow. 

0 O = rate of chloride excretion. Hg. = 1 ml. mercupurin intravenously. BAL = 

1 ml. 10% BAL in oil intramuscularly. 

Fig. 3. Effect of mercupurin and BAL, alone and in combination, on water diuresis and 
chloride excretion in dog C. Each experiment began with the oral administration of 20 ml. 
water per kgm. body weight. Dog C weighs 29.0 kgm. • • = rate of urine flow. 

0 O = rate of chloride excretion. Hg. = 1 ml. mercupurin intravenously, BAL = 

1 ml. 10% BAL in oil intramuscularly. 

Fig. 4. Effect of pitressin on water and mercupurin diuresis and chloruresis. Each 
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3 instances the animals vomited. Dog B vomited 34 minutes after 1 ml. of 
BAL had been given during the experiment shovm in figure. 2B. Dog B also vom- 
ited 11 and 17 minutes after BAL during one experiment that was begun with 
the administration of saline, and again, 30 minutes after BAL in the other similar 
experiment. 

Discussion. There is little doubt, from the data presented above, that BAL 
can either prevent or promptly interrupt the diuretic effect of an organic mer- 
curial. Recently it has been reported that BAL also prevents mersalyl 
diuresis in rabbits (9) and in dogs (10). The effect of BAL on mercupurin di- 
uresis is two-fold. One ml. of 10% BAL in oil (100 mgm. BAL) administered 
intramuscularly is sufficient to eliminate completely (but not always perma- 
nently) the chloruretic effect of 1 ml. mercupurin (39.6 mgm. mercuiy) given 
intravenously. Urine flow is also markedly inhibited by the administration of 
BAL, but this effect is independent of any reaction ivith mercupurin, since BAL 
inhibits simple water diuresis, a mechanism probably mediated through the 
pituitary (see below). 

No attempt was made to quantify the effect of BAL on mercupurin action. 
'However, it appears that the technique used in these experiments, i.e., effect of 
BAL on chloruretic action of mercury, could be used as a simple, rapid and 
sensitive assay for compounds of the BAL type. 

It is generally believed that heavy metals, including mercury, affect biological 
systems by combining with sulfhydryl groups of the protein portions of enzymes 
to form mercaptides (6, 7, 8). If this be the case, it seems likely that mercury 
exerts its diuretic effect in this manner as well (11). Indeed, it has been shoivn 
that the most effective organic mercurial diuretics are those which are the most 
readily ionizable (12). The fact that BAL can interrupt mercupurin chloruresis 
is further evidence that the mercury ion is the active principle of organic mer- 
curial diuretics, at least so far as their effects on electrotyte excretion are con- 
cerned. It is unlikely that BAL can react with un-ionized mercupurin. 

The antidiuretic effect of BAL is striking but transient. Water diuresis is 
inhibited within 15 minutes after the injection of BAL, the rate of urine flow 
usually faffing to the range of 0.2 to 0.4 ml. per minute. In several instances 
the antidiuretic effect of BAL was preceded by vomiting. Vomiting, however, 
is not a prerequisite for the antidiuretic action. 

It seemed possible that BAL might stimulate the secretion of the antidiuretic 
hormone of the posterior pituitaiy. Two types of experiments were set up to 
examine this possibility. The data summarized in figure 4 indicate that the 
effects on water diuresis of the proper intramuscular dose of pitressin, a posterior 
pituitaiy preparation containing an antidiuretic hormone, are quite similar to 
those of BAL. More direct e^ddence that BAL does exert its antidiuretic action 


experiment began Mth the oral administration of 20 ml. water per kgm. body weight. 
• • = rate of urine flow. O O = rate of chloride excretion. Hg. = 1 ml. mer- 

cupurin intravenously. Pit = pitressin intramuscularly. U = units of pitressin. 

Fig. 5. Effect of BAL and pitressin on chloride excretion. Each experiment began Mth 

the oral administration of 20 ml. per kgm. of 0.9% NaCl solution. • • = rate of urine 

flow. O O = rate of chloride excretion. BAL == 1 ml. 10% BAL in oil intramuscularly. 

Pit = 0.2 units pitressin intramuscularlj’-. 
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through the posterior pituitaiy was obtained in experiments on dogs ivith per- 
manent diabetes insipidus. In these animals, BAL exerted no antidiuretic 
action. 

That the effect of BAL on the chloiiiresis of mercupurin is not due to the 
posterior pituitary antidiuretic hormone is suggested bj'’ the experiment sum- 
marized in the lower left-hand corner of figure 4. Pitressin inhibited the diuresis 
in the mercupurin experiment, but chloride excretion reached a verj'' high level 
in marked contrast to the effect of BAL in a similar circumstance.® 

The lack of correlation between glomerular filtration rate and the various 
effects of mercupurin, BAL, and pitressin on diuresis and chlomresis indicate 
that the phenomena described in this report are the result of actions on the renal 
tubules. Evidence of hemodilution was obtained in each experiment by observa- 
tion of decreases of both plasma chlorides and the hematocrit in the experiments 
initiated with water as well as the hematocrit in the experiments initiated vuth 
saline solution. It is likely, therefore, that the fluids administered by mouth 
were well absorbed, and that changes in urine flow were not due to variations 
in this function. 


SUMMARY AND CONCLUSIONS 

1. 2,3-dimercaptopropanol (BAL) can prevent or promptly intenupt the 
diuresis and chlomresis resulting from the intravenous administration of mer- 
cupurin. 

2. BAL inhibits water diuresis. 

3. BAL probably inhibits the chloruretic effect of memupurin b}^ combining 
with the mercury. 

4. BAL probably inhibits water diuresis by stimulating the secretion of the 
antidiuretic hormone of the posterior pituitaiy. 
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‘ A chloruretic factor, probably present in large doses of pitressin (10 units in this experi- 
ment), may have contributed in part to the great increase observed in the rate of chloride 
excretion. 
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The circulatory failure in rats subjected to marked reduction of their body 
temperature has been reported in a previous communication (1). The present 
series of experiments was undertaken in order to study the effects of a pure digi- 
tahs glycoside upon the functional changes in hypothermia which lead to circu- 
latory collapse. 

The usual course of events in death from hypothermia, i.e., the arrest of 
respiration before the cessation of heart beats, has led most investigators to 
ascribe death to resphatory failure (2-5). However, Woodruff (6) reported that 
chculatory failure appeared to be the cause of death in some of the dogs rendered 
hypothermic in his experiments. Digitalis was effective in preventing complete 
circulatory collapse in some animals which showed signs of circulatory failure 
during cooling, but none of the human victims of German experiments on hypo- 
thermia responded favorably to intravenous injections of strophanthin (7). 
Attention was dra^vn by Talbott (8) to the role of the circulation in fatal hypo- 
thermia. He stated that “ . . . most patients who die after exposure suffer from 
terminal cardiac failure.” 

If the failure of respiration in hypothermia described by many investigators 
(2-5) is brought about by a direct influence of low temperature (cf. Britton, 4), 
improvement of the circulation alone would not prolong the survival of animals 
cooled to body temperatures which are usually fatal. On the other hand, if 
failing circulation is the primary factor leading to depression and final failure of 
the respiration, then animals in which failure of the circulation is prevented or 
postponed should survive the reduction of their body temperature to levels lower 
than those tolerated by untreated animals. In addition, the improved circulation 
should tend to prevent the onset of the usual signs of cardiac asph 3 Tda which are 
encountered in severe hypothermia (1,9). 

The data reported here include obsers'^ations of respiration, heart rate, arterial 
pressure and the electrocardiogram of rats during induced hypothermia and the 
modifications of the response to cooling produced bj'^ the intravenous injection of 
a pure digitalis glycoside.® 

' Supported by grants from the John and Marj' R. Markle Foundation and from Medical 
Research Funds of the Stanford University School of hledicine. 

^ Present address, Division of Pharmacology, University of California School of Medi- 
cine, San Francisco. 

® Lanatoside, C, as Cedilanid, was generously supplied by Mr. Harry Althouse of the 
Sandoz Chemical Co. 
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Methods. The methods employed for the induction of hypothermia in rats 
and the measurement of heart rate, arterial pressure and the electrocardiogram 
have been described elsewhere (1). 

Animals used in this study were adult male rats of the Slonaker-Wistar strain. 
Both controls and those receiving lanatoside C were anesthetized with 37.5 mgm. 
per kilogram of body weight of pentobarbital given intraperitoneally. The 
induction of hypothermia was begun in control animals after the usual interval of 
90 minutes from the time of injection of anesthetic, while those in the treated 
group were given lanatoside C via the exposed saphenous vein of the right leg as 
soon as the anesthetic had taken full effect. The glycoside was given in 0.2% 
solution in doses of 1.12 to 1.41 mgm. per Icilogi’am of body weight. Twenty 
minutes after the injection of lanatoside C, the initial measurement of resphation 
rate, electrocardiographic response and arterial pressure were begun. Induction 
of hypothermia then followed at 90 minutes from the time of anesthesia. Of 13 


Table 1. The effect of lanatoside C upon the lethal body temperature in hypothermia as 
indicated by the number of rats living or dead at 2-degree intervals from 21°C. down to 7°C. 

rectal temperature 


TEiEPERATtTRE 

controls 

LANATOSIDE C 

No. living 

No. dead 

No. living 

No. dead 

des. C, 

21 

11 

0 

13 

0 

19 

11 

0 

13 

0 

17 

9 

2 

13 

0 

15 

5 

6 

13 

0 

13 

1 

10 

9 

4 

11 

0 

11 

3 

10 

9 

0 

11 

2 

11 

‘7 

0 

11 

0 

13 


animals treated with lanatoside C 5 were used for measurement of arterial pres- 
sure as well as respiratory rates, heart rates and electrocardiographic changes. 
Arterial pressure measurements were omitted on the remaining 8 rats. 

Results. The general response of the glycoside-treated rats to hypothermia 
indicated an improved ability to withstand the effects of lowered body tempera- 
ture. Shivering was obseiwed in some of the treated animals at rectal tempera- 
tures as low as 14.5°C., while in the controls the lowest temperature at which 
shivering was observed was 16°C. The treated animals, which were not allowed 
to recover, died at rectal temperatures about 2°C. to 5°C. below the rectal tem- 
peratures at which death occurred in the controls. Table 1 presents the relative 
numbers of animals living and dead in the two groups over the range of 
temperatures from 21° dovm to 7°C. Probit analysis of these data indicated 
that the difference between the treated and untreated groups is significant: 
P < 0.01 (10). 

Final cardiac arrest was preceded bj'- respiratoiy failure in the treated animals 
as it was in the controls. Examination of the viscera post mortem showed the 
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same signs of congestive cardiac failure as were seen in the controls, except that 
the pulmonary engorgement was less marked and pulmonary edema was rarely 
encountered. 

The depression of respiration which occurs during hypothermia was notably 
less severe in glycoside-treated animals than in the controls. Respiration not only 
persisted to lower body temperatures, but the rate was maintained at higher levels 
in the critical range below 20°C. Respiratory rates in the treated and control 
series were compared at intervals of 2 degrees over the temperature range from 
36° dovm to 14°C. Statistical evaluation of the difference between the two 

Table 2. Mean values and standard errors of respiratory rates determined on digitalized 
and control rats over 2-degree intervals for the temperature range 14-S6°C. 


TEMP. INTERVAIS 


14-16 

16-18 

18-20 

20-22 

22-24 

24-26 [ 26-28 

28-30 

30-32 

32-34 


Controls 


No. of readings 

6 

26 

38 

37 

32 

28 

29 

27 

22 


Mean resp. rate 

4 

5 

10 

22 

35 

47 

54 

67 

70 


S.E. of mean 

1.4 

1.0 

6.4 

2.1 

2.6 

2.6 

2.2 

2.4 

m 




Digitalized 


No. of readings 

13 

14 

15 

9 

12 

14 

13 

13 

13 


8 

Mean resp. rate 

16 

17 

23 

36 

51 

61 

65 

70 

91 


88 

S.E. of mean 

3.2 

3.5 

3.3 

5.4 

4.2 

4.1 

3.3 

3.2 

4.7 


4.0 


S.E.ci: == 0.30. P<0.001. 

The following formulae were used in the calculation of significance of difference between 
two series of paired means by the method of Lundborg and Wahlund (16).: 



d -0 

1 = d vTT 
VhT 


d = Average difference between 2 series; N = number of pairs; Xi & yi = correspond- 
ing pairs. 


series by the method of Limdborg and Wahlund (11) yielded a value for 
P < 0.001, or less than one chance in one thousand that such a difference would 
be encountered in similar series thi'ough errors of random sampling. A similar 
'value for P was obtained by the method of Fisher (12). Since the comparison 
involves only living animals of both series, errors of sampling attributable to 
death of control rats at the low temperatures do not impah the validity. Table 
2 gives values for standard errors of mean respiratory rate for each 2-degree 
temperature inteiwal. 

The decline of heart rate with falling body temperature in animals cooled after 
the injection of lanatoside C was the same as that observ'^ed in the controls. 
Electrocardiograms taken on treated, anesthetized animals which were not sub- 
jected to hypotheimia showed some slowing of the heart rate, but no consistent 
changes were observed in the contour of the waves nor in A-V conduction time. 
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Serial electrocardiograms taken on treated rats which were subjected to hypo- 
thermia showed no differences from those taken on controls until the rectal tem- 
perature fell below 20°C. At rectal temperatures between 20° and 15°C., 
arrhythmias of sinus origin were frequently seen. Disturbances of A-V or 
intraventricular conduction were encountered less often than in the controls, 
and, when they did appear, they tended to be transient, while in the controls 
S-A or A-V block became well established (1). The most striking feature of the 
electrocardiograms taken on treated, cooled rats at rectal temperatures below 
15°C. was the appearance of long periods of complete cardiac arrest, lasting in 

Table 3. Mean values, standard errors of means and significance of difference between means 
(expressed as P) of arterial pressure measurements determined on digitalized and control 
rats over 2-degree intervals for the rectal temperature range H°-36°C. 


TEilP. INTERVALS 



14-16 

16-18 

18-20 

20-22 

22-24 

24-26 

26-28 

28-30 

30-32 

32-34 

34-36 

Controls 

No. of readings. . . 

15 

27 

43 

35 

25 

23 

22 

16 

1 

IS 

8 

9 

Mean A.P. mm. 












Hg 

42 


81 

105 

124 

131 

137 

131 

135 

132 

142 

S.E. of mean 

10.9 

1 


5.8 

6.4 j 

4.2 

4.5! 

4.2 

3.8 

4.8 

5.4 

5.4 


Digitalized 


No. of readings. . . 

16 

12 

11 

8 

9 

7 

5 

9 

7 

6 

5 

Mean A.P. mm. 












Hg 

48 

92 

111 

122 

138 

137 

144 

138 

140 

138 

150 • 

S.E. of mean 

7.0 

5.3 

4.0 

3.4 

3.6 

3.6 

3.2 

3.4 

4.1 

6.3 

9.2 

pi 

.6 



.01 

.01 

.2 

.2 

.1 

.3 


.4 


.5j 

.001 

.001 

.001 

.001 

.1 

.1 

.05 

.2 


.3 


1 Where 2 values are given for P, the actual value for P lies between the extremes given. 
The P value for the difference between the two series taken as a whole was <0.01 (12). 


some cases 60 to 90 seconds, followed by the sudden reestablishment of regular 
cardiac cycles without abnormalities of conduction. 

The data in table 3 show the effect of reduction of body temperature upon the 
arterial pressure in animals receiving lanatoside C and in controls. The critical > 
decline of arterial pressure was delayed in the treated group until the rectal tem- 
perature had fallen about 2°C. below the temperature associated with a similar 
decline in the controls. Over the range of maximal change the mean of the 
arterial pressures was higher at any given rectal temperature in the treated group 
that in the controls. Statistical comparison of the pairs of mean arterial pres- 
sures at the various 2-degree interv'^als given in table 3 showed that significant 
differences are encoxmtered over the critical temperature range between 16° and 
24°C. Arterial pressures from '25 to 70 mm. Hg or more were measured in the 
treated animals at rectal temperature levels not survived by any of the controls. 
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Comparison of the two series in their entirety by the method of Fisher (12) 
yielded a value for P of < 0.01. 

The relationship between arterial pressure and heart rate of control rats and 
those treated with glycoside is shovm in figure 1. Neither the controls nor the 
treated animals showed any signs of decreased peripheral resistance such as 
diminution of skin pallor during the period of hypothermia. The assumption 
that the decline in arterial pressure with decreasing rectal temperature, especially 
from about 25°C. dovm to termination, was the result of reduced cardiac output 
is in accord with the above obseiwation and vdth the changes in venous pressure 
reported below. The differences indicated by the plotted mean values for con- 
trols and treated animals in figure 1 were not found to be statistical!}’- significant 



Fig. 1. Relationship between arterial pressure and heart rate during hypothermia in 
animals treated with 1.12 to 1.41 mgm/kgm. of lanatoside C and in untreated controls. 
Crosses — 11 controls; dots — 5 treated animals. 

over the series as a whole. However, a highly significant difference was demon- 
strated between the two groups when the heart rates had declined to between 
100 and 150 beats per minute and the rectal temperatures were 18° to 22°C. 
Application of ‘student’s ’ t test (12) for the significance of difference to measure- 
ments made on 21 control and 5 treated rats gave, with 37 degi'ees of freedom, a 
value for t of 5.0648, and P was less than 0.001 . 

The relationship between shivering, respiration and venous pressure in 
untreated rats during hypothermia is illustrated in table 4. The data include 
observations of venous pressure and rectal temperature before the onset of shiver- 
ing, at the maximum of shivering and after the cessation of shivering. Venous 
pressure was measured in the external jugular vein just before the vein entered 
the thorax. The method of reading the pressures was a modification of that used 
by Wells, Youmans and Miller (13) for measurement of interstitial fluid pressure 
and involved the introduction into the blood stream of only a few cubic milli- 
meters of Ringer’s solution at each determination. 

In all of the animals presented in table 4 the venous pressure rose during maxi- 



226 


J. M. CRISMON AND H. W. ELLIOTT 


mum shivering and, in all but one animal, underwent a marked decrease with the 
cessation of shivering. It is suggested, therefore, that one of the primary events 
leading to reduction of cardiac output in the range of bod 3 '' temperature from 24° 
dovm to 16°C. is the progressive reduction of ventricular filling during diastole. 

Discussion. The experiments presented above show that rats receiving intra- 
venous injections of lanatoside C are able to withstand reduction of their body 
temperature to lower levels than untreated controls. The evidence for the 
gi’eater resistance of the animals to the deleterious effects of cold was the main- 
tenance of both shivering and spontaneous respiration in treated animals at body 
temperatures which were associated with complete cessation of these processes in 
untreated controls and the reduction of minimum lethal temperature by 2° to 
5°C. 


Table 4. Venous pressure, respiratory rale and rectal temperature in relation to shivering 
during hypothermia; data from 5 animals 





RAT NUMBER 


INTERVAL 

ItEASUREUENT 








1 

2 

3 

4 

s 

Before 

Venous pressure, mm. H2O 

-1-30 

mm 

-15 

-1-62 

-11 

shivering 

Respirations per minute 

66 


72 

66- 

66 

! 

Rectal temperature, “C. 

34.5 


35.9 

35.5 

37.6 

1 

Maximal 

Venous pressure, mm. H2O 

-1-44 

-1-34 

■1 

4-113 

-f55 

shivering 

Respirations per minute 

96 

120 

■9 

72 

54 


Rectal temperature, "C. 

30.0 

31.2 


31,2 

25.3 

Cessation of 

Venous pressure, mm. HjO 

,-M3 

—7 

-1-3 

-1-31 

-1-7 

shivering 

Respirations per minute 

24 

30 

10 

2 

10 


Rectal temperature, °C. 

15.9 

20.8 

19.2 

17.0 

16.0 


The data do not permit quantitative analj'sis of the factors which are respon- 
sible for the decreased cardiac output observed in both series. Figure 1 shows 
that the decline in heart rate did not become associated Avith a serious fall in 
arterial pressure until the rate had decreased below 150 beats per minute. With 
further reduction of heart rate as the body temperature Avas loAvered, the decrease 
in arterial pressure became more marked. Certain associated phenomena such 
as increased respiration and shivering served to aid venous return to the heart 
during the phase of cooling AA^hen the rectal temperature aa'RS above 24°C. With 
further cooling the reduced intensity and final cessation of shivering and the 
slower, shallower respiration at the lower temperatures tended to remove impor- 
tant aids to diastolic filling. Thus the more prolonged period of shivering and 
more effective respiration observed in the glycoside-treated animals should be 
expected to contribute to the maintenance of cardiac output at a higher level in 
these animals. The above mechanisms of improved cardiac output should be 
considered as supplementary to the direct action of digitalis glycoside upon 
dilated hearts (14) . 
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These observations show that at least two aspects of central nervous system 
function, a) the discharges producing shivering and b) the rhythmic activity of 
the respiratory center, persist in spite of the reduction of body temperature sub- 
stantially below the levels associated with their disappearance in imtreated rats. 
Over the ranges of body temperature within which the disappearance of shivering 
and the failure of respiration occur in untreated animals, the measurements of 
arterial pressure indicate profound circulatory collapse, while similar measure- 
ments upon rats treated with lanatoside C yield mean arterial pressure values of 
70 mm. Hg or more. The manifestations of cardiac anoxia which are a common 
feature of electrocardiograms taken on untreated, hypothermic rats are observed 
only as terminal events and at appreciably lower body temperatures in rats 
injected with lanatoside C. Thus the higher perfusion pressure appears to pro- 
tect both the central nervous system and the heart muscle. Since measurements 
of brain temperature and heart temperature show that these regions are not 
significantly warmer than the rectum (15), the improved function may not be 
ascribed to local increases in temperature. Impairment of function during 
anoxia has been sho^vn to occur in both the respiratory center (16) and in the 
heart (17), but both brain tissue (18) and heart muscle (19) studied in vitro have 
been shown to recover their original rate of oxygen consumption at 37°C. after 
being maintained for one hour at less than 1°C. It should be pointed out that 
the gas phase in the system used for study of the isolated tissues was pure oxygen, 
and thus the situation cannot be considered comparable with that encountered in 
the intact, hypothermic animal where the depressing effect of low temperature 
upon metabolism is complicated by asphyxia as the result of progressive circu- 
latory failure. The improvement in function of the heart and the central nervous 
system of the animals in severe hypothermia after treatment with lanatoside C 
was evident only during the period when the mean arterial pressure was held 
above 50 mm. Hg. Thus the maintenance of function in the ‘supply mechanisms’ 
as studied in these experiments appears to be relatively independent of tempera- 
ture and relatively dependent upon the level of perfusion pressure in the 
circulation. 

SUMUtABY 

1. The changes in heart rate, respiratory rate, the arterial pressure and the 
electrocardiogram during hypothermia were studied in rats treated with intra- 
venous injections of lanatoside C and untreated controls. 

2. The following signs of improved ability to withstand the effects of lowered 
body temperature were observed in the treated animals; 

a. Shivering persisted doivn to rectal temperatures about 1.5°C. below the 
lowest temperature at which shivering was observed in the controls. 

b. The minimum lethal temperature was 2 to 5°C. lower for the treated rats 
than that for the controls. 

c. Respiratory rate was better maintained at low rectal temperatures in the 
treated animals than in the controls. 

d. Terminal pulmonary edema was obseiwed frequently in untreated controls, 
but those receiving lanatoside C rarely developed pulmonary edema. 
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3. Hj'^pothermic rats treated with lanatoside C showed fewer disturbances of 
rhj’-thm and conduction, as judged from electrocardiographic examination, than 
untreated, hypothermic animals. 

4. The critical decline of arterial 'pressure during hypothermia did not appear 
in rats treated with pure digitalis glycoside until the rectal temperature had 
fallen about 2°C. below the level at which a similar decline occurred in the con- 
trols. 

5. Sustained arterial pressure with declining heart rate in hypothermic animals 
treated mth digitalis glycoside depended in part upon the longer persistence of 
shivering and adequate respiratory movements as factors in venous return and 
in part upon the direct cardiac action of the glycoside. 

6. Respiratory failure in hypothermia is relatively independent of the body 
temperature and relatively dependent upon the level of perfusion pressure in the 
circulation. 

The authors wish to thank Dr. F. W. Weymouth for carrying out the probit 
anatysis included in this report as well as for general advice upon the statistical 
treatment of the data. 
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The ultimate fate of intravenously injected T-1824 has not been established. 
It is knovm to be bound firmly to plasma albumin (1) and hence to appear in the 
urine only when glomerular damage is present. By analogy vfith other vital 
dyes (2) , it has been presumed that T-1824 is excreted in the bile. This has been 
verified qualitatively (3), Irut no quantitative data have been reported. The 
present study was undertaken in the hope that accurate data on the disposition 
of the dye after its escape from the blood stream might aid in the interpretation 
of the dye disappearance curve as it is used in plasma volume determinations. 

Experimental. Analysis of dye in bile. The spectrophotometric determi- 
nation of the dye in the presence of bile pigments presented certain difficulties. 
Preliminary studies indicated that the concentration of bile pigment in successive 
samples of hepatic bile is usually quite variable, so that a dye-free bile blank could 
not be used. Attempts to separate the dye from bile pigment by extraction with 
organic solvents, differential adsorption or dialysis through cellophane mem- 
branes were not quantitatively successful. Complete spectral absorption studies 
on the bile pigments, both in the naturally occurring forms and when completely 
converted either to bilirubin or to biliverdin, revealed that the bile pigments 
absorb strongly at all wavelengths at which there is absorption by the dye, so 
that the usual method for the detei-mination of one colored substance in the 
presence of another could not be used. A modification of this principle was 
finally adopted. At 610 m^, the absorption peak for the dye in bile, there is 
strong absorption by bile pigment, but at 750 m^, absorption by the dye becomes 
negligible while absorption by bile pigment remains appreciable. If concentra- 
tion-transmission curves of bile pigment at 610 and 750 my are established, the 
absorption by bile pigment at 610 my can be estimated from its absorption at 750 
mjLt, even though dye is also present (see fig. 1). The total absorption at 610 m^ 
is a function (not the aritlimetic sum) of the separate absorptions by dye and liile 
pigment. If the total absorption at 610 m^ and the estimated bile-pigment 
absorption at 610 my are converted to equivalent dye concentrations bj'^ reference 
to a concentration-transmission curve of dye in bile, the actual dye concentration 
is obtained by difference. The validity of this procedure was verified bj”- analysis 
of bile samples to which knovm amounts of djm had been added. 

A potential source of error is the rapid but variable conversion of bilirubin to 
biliverdin on exposure to air, with a resulting change in the optical properties of 
the pigment. To eliminate this difficulty the following procedure was adopted. 
The bile samples were collected under oil. An aliquot of each sample was diluted 
to the desired volume with oxygen-free saline, laj’-ered with melted paraffin and 
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analyzed within 5 minutes. Control experiments demonstrated the adequacy 
of this procedure. 

Plan of experiments. Dogs anesthetized with sodium pentobarbital were used. 
The cystic duct was ligated and the common bile duct canhulated for continuous 
collection of hepatic bile. The dead space of the cannula was reduced to a mini- 
mum in order to lessen the delay between the secretion of bile and its collection. 
In one experiment thoracic duct lymph was also collected by cannula. Four or 
five 30-minute samples of bile were obtained to permit the calculation of the 
relation of the spectral absorptions of bile pigment at 610 and 750 m/x, since this 
varied in different experiments. Ten milligrams of T-1824 was then injected 
into a jugular vein and serial blood samples were draum from another vein for 
determination of the plasma dye concentration corresponding to that of each bile 
sample. Each experiment was continued until it was certain that the concentra- 
tion of d}^ in the bile had reached a maximum and had begun to decline. 

Results. Nine teclmically satisfactory experiments were performed includ- 
ing one in which the dye concentration in thoracic duct Ij^mph was also deter- 
mined. In this series of experiments the rate of hepatic bile flow ranged from 2 
to 10 ml. per hour and the plasma d 3 ’’e concentration ranged from 2 to 34 mgm. %. 

The latent period from the injection of dye until its appearance in the bile was 
difficult to estimate uuth accuracy. The bile collected during the first 30 minutes 
following injection of dye contained very small amounts of the dye. Thereafter 
the concentration rose rapidljq reaching a maximum 60 to 90 minutes following 
injection and then declining at a rate roughlj’’ proportional to the simultaneous 
decline in plasma dye concentration (fig. 2) 

The concentration of dye in the bile was alwaj’^s lower than (usualty less than 
one-half) the simultaneous plasma dye concentration and roughly proportional 
to it. There was no obvious relation between the concentration of dye in the 
bile and the rate of bile flow. In the experiment in which thoracic duct lymph 
was collected the djm appeared in the Ij’^mph more promptly and in higher concen- 
tration than in the bile (fig. 3). 

The relativelj^ low concentration of the dye in the bile might indicate either 
that the dye is filtered through a membrane system ivith a low permeabilitj'' or 
that it is secreted by a mechanism having a lo\v maximal capacity. In order to 
obtain further information on this point, veiy large amounts of dye were injected 
in two experiments (60 and 70 mgm., respective!}’', in dogs weighing 9.6 and 11.4 
kgm.). When the concentration of dj'^e in the bile had reached a maximum and 
had begun to fall, a second injection of dye, in amount equivalent to thatmf the 
first injection, was made. In both experiments the concentration of dye in the 
bile increased again, proving that the maximal concentration of dye in the bile 
folloA\’ing the first injection Avas not limited by saturation of a secretory mech- 
anism. 

Strips of cellophane soaked in d 3 ’'ed hepatic bile were stained a deep purple. 
Wlien these strips were AAUshed in running AA’ater for 24 hours, the purple color 
was remoA'cd and a permanent blue staining of the cellophane AA'-as iwealed. 
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This is presumptive evidence that some, if not all, of the dye appearing in the bile 
IS not bound by protein, since cellophane soaked in dyed plasma is not stained. 

In several experiments the feces of animals receiving dye intravenoiislj^ or by 
stomach tube ivere analyzed, but no dye could be detected. 

Discussion. Intravenously injected substances escape from the blood stream 
at vaiying lates and b.y a number of channels. The selection of a suitable sub- 
stance for determination of plasma volume by the dilution method is influenced 
by both the method and the rate of its removal from the circulation. The blue 




Fig. 1. Light transmittance of serial samples of hepatic bile at 610 and 750 m;i. T-1824 
injected at arrow. Insert; relation between light transmittance of undyed bile samples 
at 610 and 750 m^. 

Fig. 2. Simultaneous dye concentrations in blood plasma (P) amd in hepatic bile (B). 
T-1824 injected at zero time. 

Fig. 3. Time-concentration curves of T-1824 in plasma (P), thoracic duct lymph (L) 
and hepatic'bile (B). T-1824 injected at zero time and at 4 hours, 

dye T-1824 has been widety used for this purpose because of its slow rate of disap- 
pearance. It has been generally assumed that T-1824, by virtue of its binding 
to plasma protein, escapes onl}’’ at the slow rate at ivhich protein leaks through 
systemic capillaries. This assumption, Avhich is basic in the determination of 
plasma volume by both the single sample and the extrapolation methods, has 
recent^’- been challenged. It has been claimed (4) that a significant amount of 
the dye is removed by phagocytosis in the first few minutes following injection 
and that the rapid initial fall in dj^e concentration is due to this remoi'al, not to 
mixing of the dye in the cii’culation. It has been further suggested that the liver 
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is importantly involved in this phagocytic process b}’- virtue of its Amiy active 
reticulo-endothelial system. Accordingly, one of the major objectives of the 
present study Avas an estimate of the relative importance of the liver in the re- 
moval of T-1824 from the blood stream. 

In each experiment, the total amount of dye which appeared in the bile during 
the observation period of 2 to 5 hours Avas calculated from the Amlume and dye 
concentration of the serial bile samples. From the simultaneous plasma dye dis- 
appearance curve, the amount of djm lost from the circulation during the same 
period could be calculated. Of this amount an average of 4.1% (range 2.0 to 6.7) 
AA^as accounted for by the dye excreted in the bile. It is apparent that, eA'^en 
though the bile may be the ultimate channel of excretion of intravenously in- 
jected T-1824, the liA’^er does not remove a sufficient amount of d 3 ’-e during a giA'-en 
period to influence the slope of the d}^ disappearance cuiwe signi^icantl 3 ^ 

The proponents of the theoiy that phagocytosis is responsible for the rapid fall 
in plasma dye concentration in the first fcAv minutes folloAAung injection suggest 
that this rapid fall is checked by ‘saturation’ of the reticulo-endothelial elements. 
The experiments reported here indicate that if the hepatic phagocytes do partici- 
pate in the removal of dye from the blood, they are not saturated by the usual 
amounts of dj'^e employ'^ed in plasma Amlume determinations, since a second injec- 
tion of d.ye is folloAA^ed by^ a proportionate rise in dye concentration in the bile. 

These experiments do not rule out the possibility’- of phagocytosis of dye by the 
Kupffer cells of the liA'-er. In fact, the staining of cellophane by^ dy’-ed bile indi- 
cates that the dy^e-protein bond has been broken during the process of hepatic 
excretion and phagocy’-tosis is the most reasonable mechanism inAmlved. Hoaa'- 
CA'-er, the fact that the rapid initial decline in plasma dy’-e concentration is checked 
at a time at AA’hich the reticulo-endothelial cells are far from saturated mitigates 
against their importance in this process. 

SUMMARY 

The hepatic removal of intraA'-enously injected T-1824 has been studied be- 
cause of its bearing on the interpretation of the T-1824 disappearance curA'-e. 
Spectrophotometric analyses of hepatic bile and of blood serum, supplemented 
by'- chemical separation of the dye from bile, permitted the folloAAung conclusions: 

(1) Very’^ little dye appears in hepatic bile in the first 30 minutes after injection. 

(2) Maximum dy^e concentration in bile is reached 60 to 90 minutes after in- 
jection; dye concentration then declines sIoAA’-ly’-, paralleling the fall in plasma dy-e 
concentration. 

(3) Dye concentration in the bile is ahvays loAA’er than (usually^ less than one- 
half) the simultaneous plasma dye concentration, but roughly'- proportional to it. 

(4) The equilibrium dye concentration in bile is not due to the saturation of a 
secretoiy mechanism (as in renal Tm) because a second injection of dye results 
in a second rise in dy'e concentration in bile. 

(5) The concentration of dy’-e in bile bears no obA’-ious relation to the rate of 
bile floAA- AA-ithin the limits of floAv rate encountered (2 to 10 ml. of bile per hour). 

(6) The excretion of dy^e in the bile in the first 2 to 5 hours folloAA’ing injection 
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accounts for only 2 to 7% of the d 5 ''e which leaves the blood stream in that inter- 
val. Hence liver function is presumably not a limiting factor in the rate of dye 
disappearance. 

(7) The concentration of dye in bile parallels (but at a lower level) that of dye 
in thoracic duct lymph. 

t 
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The widespread use of dye methods for determining plasma volume has re- 
sulted in progressive refinements in teclmique but has left unsoRed many funda- 
mental issues concerning the proper interpretation of the results. Since a quan- 
titative knowledge of the behavior of the dye in the body is essential to an 
intelligent use of the method, a comprehensive studj^ of the blue dye T-1824:, 
from the time of injection to its ultimate excretion, has l)een undertaken in this 
laboratory. This paper deals with the time required for mixing of the dye in 
both circulating and non-circulating plasma. Subsequent reports will consider 
the factors involved in the loss of d 3 '’e from the bloodstream and its ultimate fate 
in the bodj' 

Methods. The same lot of dye (Eastman Kodak Companj’’, No. 3873) was 
used in all experiments. Spectral absorption studies indicated maximal light 
absorption by the dj’-e in serum at 620 mp. A stock solution of dye (0.1% in 
distilled water) was used for injection and the standard dose was 10 ml. of solu- 
tion, regardless of the size of the animal. Fasting, unanesthetized dogs were 
used; they were tied to an animal board during sampling procedures and were 
replaced in a cage vdthout access to water in the intervals between samples. The 
dye was injected into one jugular vein and blood samples were obtained, without 
stasis, from the other jugular vein. The blood was centrifuged under oil and the 
dj'^ed seiTim, diluted with 4 volumes of saline, was read against a senim-saline 
blank in a Coleman spectrophotometer. Duplicate readings were required to 
check within 0.2%. Hemolysis was seldom encountered; when it was minimal 
(as indicated bj’’ a slight greenish color of the dj'^ed serum) the method of correc- 
tion suggested by Gibson and Evans (1) was emplo 3 ’’ed. Samples showing more 
than minimal hemolysis were discarded. Time-concentration curves of the dye 
were established by plotting the logarithm of the dye concentration against time 
on large-scale coordinate paper. 

Results. The results of 105 experiments on 24 dogs are included in this re- 
port. Some of these experiments were paid of another study and the invariable 
finding of a greater apparent rate of dye disappearance during the first hour after 
injection than during subsequent periods led to the present stud 3 ^ The data 
from these earlier experiments are included here to give greater weight to the . 
quantitative conclusions dravm. In the later experiments, the timing of the 
blood samples was designed to give maximal information on breaks in the slope 
of the time-concentration curve; samples were taken at intervals of 1, 2, 5, 10, 
20, 40 and 60 minutes and 2, 3, 4, 5, 6 and 7 hours after injection of the dye. The 
time-concentration curve from a t 3 ’'pical experiment is reproduced in figure 1, 
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curve I. It is apparent that the mixing of the dye in the plasma is divisible into 
two phases based on the break which occurs in the mixing curve. Phase I, which 
has a slope equivalent to a dye loss of 80-100% per hour, is complete in 4 to 6 
minutes (in rare cases, the duration of phase I is extended to 10 minutes). Phase 
II, which has a slope equivalent to a dye loss of 20-30% per hour, is usually 
complete in 30 to 50 minutes, with exceptional cases extending the limits to 20 
to 60 minutes. In figure 1, curve II, the mixing curve only from another experi- 
ment is reproduced on an exaggerated time scale to differentiate phases I and II 
more distinctly. 

Since blood samples taken simultaneously from different regions of the circula- 
tion have identical dye concentrations within 10 minutes after injection of dye 
(2), it is a logical inference that phase I of the mixing curve represents mixing of 
the dye in the immediately available or circulating plasma. Additional support 
for this concept is found in the work of Hahn (3), who reported that the concen- 
tration of intravenouslj'’ injected tagged erythrocjdes was essentially the same 
10 minutes and 1 to 3 days after injection. 

This interpretation of phase I has been questioned recently by Cruickshank 
and l^Tiitfield (4), who attribute the rapid fall in dye concentration to phagocytic 
removal of dye from the bloodstream. Their evidence for this is the fact that a 
previous injection of dye or of India ink reduces the rate of decrease of dye con- 
centration during tliis phase, presumably due to reticulo-endothelial blockade. 
Accordingly, they advocate extrapolation of the phase I portion of the time-con- 
centration cuiwe in the calculation of plasma volume. We have repeated and 
extended their obseiwations and have partially confirmed their results, but not 
their interpretation. In 6 experiments, 2 equal injections of dye were made one 
hour apart and all serum samples were read against the same dye-free blank. A 
typical experiment is illustrated in figure 2. Since the rapid initial fall in dye 
concentration is absent or reduced in the mixing curve of the second injection, 
there is no question as to the proper method of extrapolation. The initial dye 
concentration thus determined minus the residual dye present at the time of the 
sec.ond injection should equal the true initial dye concentration following the first 
injection. This permits a theoretically correct choice to be made between 
extrapolation of the phase I mixing cuiwe (as advocated by Cmickshank and 
Whitfield) and of the phase II mixing curve as advocated by the author. In 
ever}'- case, extrapolation of the phase I curve gave an initial dye concentration 
considerablj’' above the theoretical value, while extrapolation of the phase II 
curve gave an initial dye concentration practically identical vith the theoretical 
value. The correct interpretation of Cruickshank and T^Tiitfield’s results is un- 
certain. 

Phase II of the mixing cuiwe is tentatively interpreted as representing the 
diffusion of dye into relatively non-circulating plasma. The break in the time- 
concentration crnYfe wliich occurs at the end of phase II would then mark the 
transition from the mixing cuiwe to the trae disappearance curve. Since the 
latter reflects the net rate of loss of dye from the bloodstream, its extrapolation 
yields a value for initial dye concentration from which the total plasma volume 
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can be calculated. During phase II, two factors contribute to the progressive 
decrease of dj^e concentration in the plasma: diffusion of d 3 '-e into non-circulating 
plasma and loss of dye from the bloodstream. Hence, extrapolation of the phase 
II curve Avill give a higher initial d 3 ’-e concentration, corresponding to mixing of 
the d 3 ''e in the circulating plasma alone. The obvious implication of this inter- 
pretation is that the simultaneous extrapolation of the phase II mixing curv'^e 




Fig. 1. Curve I (lower): Time-concentration curve of intravenously injected T-1S24 
showing the biphasic mixing curve and the true disappearance curve. Curve II (upper): 
The biphasic mixing curve; AB = phase I, CD = phase II. 

Fig. 2. Time-concentration curves of double dye injections. Lower curve: initial in- 
jection; upper curve: second injection (made at point on lower time curve indicated bj’- 
arrow). Residual dye concentration at time of second injection = 1.09 mgm. %. 

Fig. 3. Time-concentration curve of T-1824; after ligation of thoracic duct and cervical 
Ijunphatic trunks. Note that the break in the curve at 40 minutes is unaltered by this 
procedure (see text). 

and of the dye disappearance curve in the same animal permits the calculation 
of both total and circulating plasma volumes, which is highly important in man 3 '- 
t 3 rpes of studies on the circulation. The validity of this procedui-e is indirect^'' 
confirmed by independent types of. measurement, as noted in the discussion. In 
the experiment illustrated in figure 1, cuiwe I, the values for total and circulating 
plasma volumes were 500 and 426 ml. respectively. In the complete series of 
animals, the average circulating plasma volume was 86% of the total plasma vol- 
ume (range 84 to 91%). 
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The validity of this method of calculating total and circulating plasma volumes 
vas tested by experiments designed to alter the relative proportions of circulat- 
ing and non-circulating plasma. In 3 experiments adrenalin Avas administered 
by sloAV intravenous infusion for the purpose of diminishing the non-circulating 
plasma fraction. The circulating plasma Amlumes in these 3 experiments AA^ere 
96, 93 and 97%, respectively, of the total plasma volume. In 2 experiments 
repeated injections of histamine AA’-ere made in an attempt to increase the non- 
circulating fraction of the plasma volume. Circulating plasma volumes AA^ere 82 
and 86%, respecth'-ely, of the total plasma volume. 

The possibility that the break in the time-concentration curve, AA^hich marks 
the transition from the phase II mixing cuive to the dye disappearance curve, 
might be due to the return of djmd lymph to the bloodstream has been investi- 
gated. In 3 animals, the thoracic duct and the cervical lymphatic trunk Avere 
ligated prior to injection of the dj^. The time-concentration curve from a 
typical experiment is reproduced in figure 3. PreA'-ention of the return of dj''ed 
lymph to the circulation does not alter the slope of anjf portion of the curA'^e. 

Discussion. Estimates of the time required for complete mixing of an in- 
jected djm in the circulation range from 90 seconds (5, 6) up to 20 minutes or 
longer (7). Such diversity of opinion indicates that the term ‘mixing time’ re- 
quires more precise definition, since it is inconceiAmble that such a range of Amlues 
could be real, or due simply to differences in technique. This difficulty AAmuld 
seem to be resoh'-ed bj’’ subdivision of the mixing cun'-e into tAAm phases. The 
aA’’erage time of 4 to 6 minutes required for mixing of the dye in the circulating 
plasma is consistent Avith evidence from other sources (2, 3). It is someAA^at 
longer in human subjects (1) and A’-aries inversely AAuth the circulation A’'elocity, 
being curtailed, for example, in hyperthyroidism and prolonged in congestiA’'e 
heart failure (1). These considerations suggest that the duration of phase I of the 
mixing curve might be used as a rough index of the OA’’er-all circulation A’’elocity 
to supplement the pulmonary circulation Amlocity measured by such agents as 
cjmnide and decholin. 

The interpretation of phase II of the mixing curA'’e as representing (in addition 
to loss of dye from the bloodstream) the diffusion of dye into non-circulating 
plasma is, of necessity, based on indirect evidence. In the first place, there is no 
general agreement on a precise definition of the teim ‘non-circulating plasma’. 
The experiments of Fahraeus (8) liaAm demonstrated be 3 ’-ond question the exist- 
ence of peripheral laj’-ers of sloiAdj"^ moving or stagnant plasma in the ‘small blood 
vessels’. The phenomena of plasma skimming (9) and of Amsomotion (10) con- 
tribute variable A'olumes of presumably stagnant capillary plasma. Finallj^ 
A'-ariable fractions of the plasma in such organs as the liAm' and spleen probabl}^ 
should be added because of the anatomical peculiarities of the circulation in these 
regions. It is not intended that a sharp dhusion bet\A"een ‘circulating’ and ‘non- 
circulating’ plasma should be inferred from the form of the mixing cun^e, but 
rather a gradual transition betAA^een tAvo constantlj’' fluctuating fractions. 

Indirect support for the idea that diffusion of djm into non-circulating plasma 
is the dominant factor in phase II of the mixing curA’’e is deriA'’ed from the fact that 
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calculations of the non-circulating fraction of the total plasma volume based on 
this assumption agree with those made bj’' independent techniques. Thus, 
Smith, Arnold and 'ViTiipple (11) estimated, largelj’- from anatomical considera- 
tions, that about | of the contents of the ‘small blood vessels’ represents stagnant 
plasma and that this is equivalent to approximately 15% of the total plasma 
volume. Hahn (3) calculated the fraction of plasma in ‘relativel}'- sluggish cir- 
culation’ from experiments in which tagged er 3 ''throcytes were injected and ob- 
tained values ranging from 6 to 37%, with an average of 20.8%. 

SUMMARY 

(1) When the blue dye T-1824 is injected into the bloodstream of dogs, mixing 
of the dye in the plasma occurs in two phases. Phase I, which is completed 4 to 
6 minutes after injection, represents mixing of the dj'’e in the circulating plasma. 
Phase II, which is completed 30 to 50 minutes after injection, reflects the diffu.sion 
of the dj''e into non-circulating plasma. 

(2) Extrapolation of the phase II portion of the mixing cuiwe permits the cal- 
culation of circulating plasma volume, while extrapolation of the true disappear- 
ance curve (i.e., the time-concentration curve after completion of phase II) 
provides an index of total plasma volume. Based on this type of calculation, 
the circulating plasma volume in normal, unanesthetized dogs is approximately 
86% of the total plasma volume. 
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We have reported (1) that the cardiac output of dogs is grea% reduced on 
hypophysectomy. This paper reports further cardiac output and oxygen con- 
sumption findings on simple hypophysectomy, on thju’oidectomy, on combined 
hypophysectomjf and thyroidectomy, on denervation of neural hypophysis, and 
on adminstration of anterior lobe extract.^ The work has penmitted comparisons 
with the effects of such procedures on renal blood flow (1, 6, 7, 8). 

Methods. The Pick method as described (1) was used for cardiac-output and 
oxygen-consumption determinations, the values per square meter of original 
surface area per minute being given; surface area in square meters = 
0.2864 W°'^"L, where W is weight in kilograms and L is body length in meters, 
from tip of nose to root of tail (2) . Dogs were kept on a uniform maintenance 
diet of Frisky chow biscuits daily and horse meat every other day; all deter- 
minations were made in the post-absorptive state and, except where otherwise 
designated, under sodium pentobarbital anesthesia, 30 milligrams per kilogram 
intravenously 30 to 45 minutes before determination. In most cases 3 pre- 
operative runs were made. 

Completeness of removal of thyroid was verified bj’- careful inspection at 
autopsy; completeness of removal of anterior lobe in simple hypophysectomy 
was verified by brain sections and by examination of sella contents; denervation 
of neural hypophysis was shown by permanent polyuria. 

Results. Thyroidectomy. Figure 1 shows that daily subcutaneous adminis- 
tration of 225 units of preloban for 7 days to normal female dog 11 somewhat 
more than doubled the cardiac output and almost doubled rate of ox}’'gen con- 
sumption. Thyroidectomy significantly reduced both values in female dogs 8 
and 10. Cardiac output before operation averaged 4.1 and 4.3 L/min/M- for 
dogs 8 and 10, respectively; 20 days after thyroidectomy the values were 3.2 and 
2.8 or 78 and 65% of normal. Oxygen consumption before operation averaged 

’ This work was aided by a grant from the Commonwealth Fund. 

- Preloban w.as given us by the Winthrop Chemical Company. 
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143 and 122 cc/min/M-; 20 days after operation it was 118 and 86 or 82 and 70% 
of normal. 

Daily administration of 225 units of preloban for 6 days to thyroidectomized 
dog 8 someAvhat raised oxj’-gen consumption, without effect on cardiac output; 
a subsequent 9-day period raised both values. Preloban for 9 days raised both 
values in thyroidectomized dog 10. In no case is the percentage effect of com- 
parable preloban administration as great in the thyroidectomized as in the normal 
or the hypophysectomized dog, although in thyroidectomized dog 10 it is almost 
as great. 

Hypophyseciomy. Figure 2 shoAvs that simple h 3 q>oph 3 ’-sectomy (removal of 
anterior lobe, pars intermedia and dependent portion of neural hypophj’'sis) is 



Fig. 1. Effects of preloban administration on cardiac output and oxygen consumption of 
normal dog 11 \ effect of thyroidectomy and of preloban administration to thyroidectomized 
dogs 8 and 10. 

followed by a marked, prompt and permanent fall in cardiac output and in ox 3 ’’gen 
consumption. Subsequent th 3 '’roidectom 3 '- in dogs 2 and 4 produced a slight 
further fall. 

Daily 225-unit preloban administration for 7 days to hypoph 3 ’’sectomized dog 1 
raised oxygen consumption without effect on cardiac output, tvhile 8 da 3 ’’s of 
dail 3 ^ 225-unit preloban administration raised both Amlues to normal or above in 
h 3 ’poph 3 '’sectomized dog 7. Preloban administration was continued for 5 more 
days (not shown in figure 2) on dog 1, to see Avhether a longer period would raise 
cardiac output and further increase oxygen consumption, but the dog Avas found 
dead on the morning of the 13th day, before an additional run Avas made. Dog 
after both h 3 ^pophysectomy and thyroidectomy, shoAved no change in cardiac 
butput or ox 3 '^gen consumption after 6 da 3 '’s of daib’' 225-unit preloban adminis- 
tration. 

The findings on dog 3 arc complicated by the development of anemia. At her 
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second preoperative and her first postoperative (8th day) experiments there was 
no anemia, the arterial blood containing 20.1, 20.0 and 19.5 cc. of oxygen per 
100 cc. At her second, third (without anesthesia), fourth and fifth postoperative 
experiments her arterial blood contained 16.9, 17.2, 14.0 and 12.8 cc. of oxygen 
per 100 cc. She was then put on 0.2 grams ferrous sulfate daily, continued for 
30 days. , The two experiments after beginning iron therapy showed falls in 
cardiac output, the last one showing the expected post-hyp ophysectomy value of 
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NORMAL DAYS AFTER HYPOPHYSECTOMY 




Fig. 2. Effects of hypophysectomy, of thyroidectomy and of preloban administration on 
cardiac output and oxygen consumption. The e.xperiment on dog S labelled N . A. was with- 
out anesthesia. 

about 50% of normal. The interpretation of these findings, however, is bj’’ no 
means clear. . The first experiment after iron therapy (6th postoperative experi- 
ment) gave a fall in cardiac output tvith a rise in arterial blood oxj’-gen to 14.9 cc. 
per 100 cc;-, but the last experiment of the series, with a still further fall in cardiac 
output, showed only 12.5 cc. of o.xygen per 100 cc. arterial blood. Others have 
noted a rise in cardiac output in anemia (3, 4, 5) ; while the findings are not com- 
pletety uniform, it appears that Avhen the oxygen capacity of the blood falls to 
between 50 and 60% of normal, an increase in cardiac output is usually seen in 
dog and human subjects, the increase becoming greater with increasing severity 
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of anemia. The o.\ 3 ’’gen capacity of dog S was at no time less than 60 % of normal ; 
if the relatiyely high cardiac outputs of the 4th and 5th postoperative experi- 
ments are due to anemia, it is difficult to explain the low output of the last e.\'peri- 
ment when (in spite of iron therapy) the anemia was equally severe. One might 
assume that the high value of 3.67 for the 5th postoperative experiment is in 
error; the other findings then agree fairly with those of the other dogs and the 
anemia can be considered as not playing a part; further speculation does not seem 
profitable. Anemia is not a typical finding after hypophysectomy; in no other 
case was there a post-hypophysectomy fall in arterial oxygen content, all samples 
being taken while the dogs were breathing pure oxygen. 

Neural lobe denervation. Cardiac output and o.\>'^gen consumption were deter- 
mined in 2 diabetes insipidus dogs (denervation of neural hj^pophysis). No 
preoperative determinations were made on these dogs; in our hands the Tick 
method in normal dogs has given cardiac outputs of 2 to 5 L/min/M-, with an 
average of 3.8 L/min/M-, while oxygen consumption is from 100 to 145, with an 
average of 125 cc/min/M-. Diabetes insipidus dog 27 had cardiac outputand 
o.xygen consumption values of 1.84 and 72 on the 44th postoperative day, and 3.0 
and 126 on the 161st postoperative day; diabetes insipidus dog S3 had correspond- 
ing values of 1.91 and 94 on the 32nd and 2.7 and 95 on the 125th postoperative 
day. The initial low values are ascribed to reversible operative damage to the 
anterior lobe; the late values are normal or close to low normal limits. There is 
no evidence that loss of neural hypophysis produces any great lasting change in 
cardiac output or oxygen consumption. 

Discussion. The percentage falls in cardiac output following hypophy- 
sectomy and the percentage falls in cardiac output followed by return to normal 
following denervation of neural hypophysis are comparable with the changes in 
renal blood flow produced by the same procedures; the percentage falls in cardiac 
output following thyroidectomy are about twice as great as those in renal blood 
flow. In most cases a given procedure has a greater percentage effect on cardiac 
output than on oxygen consumption. Odaira (9) obseiwed falls in cardiac output 
and oxygen consumption following thyroidectomy ,in rabbits comparable with 
ours in dogs; he also observed increases on thyroid feeding. Blalock and 
Harrison (10) found falls of 16 to 55% in cardiac output in dogs following thy- 
roidectomy, with somewhat smaller falls in oxj’-gen consumption. Most of their 
operations were subtotal thyroidectomies; following these there were signs of 
hyperthyroidism with increased cardiac output and o.xygen consumption, the 
values falling on total thj^roidectomy. None of their total thyroidectomy dogs 
survived longer than 3 weeks ; these were not parathyroid deaths but were ‘appar- 
ently from inanition’. They also consistently found progressive anemia after 
cither total or subtotal thj’’roidectomy. We have not seen such fatalities, our 
total thyroidectomj’’ dogs surviving for months and eventually being sacrificed. 
Nor have we seen anemia after thyroidectomj^; thus, dog 8 before operation had 
18.0, 17.2 and 17.2 cc. oxygen per 100 cc, arterial blood and 17.4, 16.5, 17.8, 17.4 
and 17.1 on the 20th, 51st, 91st, 147th and 161st post-thyroidectomy days, while 
dog 70 preopera tiveb’- showed 15.8, 14.1 and 14.8, with 15.9, 16.6, 16.6 and 15.0 
on the 8th, 15th, 21st and 80th postoperative days. 
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The questions arise as to how loss of anterior lobe acts to reduce cardiac output 
and how anterior lobe administration acts to increase it. Since loss of thyroid 
decreases and thyroid administration increases cardiac output, it might be sup- 
posed that the anterior lobe effects ai-e due solely to loss or excess of the thyro- 
trophic hormone. Wliile this is no doubt a factor it cannot be the only one, 
since preloban administration to thyroidectomized dogs (fig. 1) significantly 
raised oxygen consumption in all 3 instances and raised cardiac output in 2 of 
3 trials. There is no reason to believe that the rises seen on anterior lobe admin- 
istration are due to its adrenocorticotrophic action; the basal rate of oxygen con- 
sumption in Cushing’s disease is low or normal, not increased (11, 12, 13), and 
the renal blood flow in Cushing’s cases has been found normal (14). One may 
postulate that the anterior lobe, in addition to its hormones trophic to other endo- 
crine glands, produces a substance which directly influences the organism’s 
metabolism in such a way as to bring about increased oxygen consumption, car- 
diac output and renal blood flow; this postulated substance also increases the 
rate of renal tubular transport of diodrast or of p-aminohippurate (1). 

Our data suggest that after loss of anterior lobe has existed for a long time, 
conditions are not restored to normal by a short period of replacement therapy, 
while such therapy at a shorter interval after hypophysectomy is effective. 
Thus, 8 days of preloban administration begun on the 37th post-hypophysectomy 
day on dog 7 produced a striking increase, while 7 days of such administration 
begun on the 147th day on dog 1 was much less effective (fig. 2). Similarly, pre- 
loban is more effective 70 days after thyroidectomy in dog 10 than after 140 days 
on dog 8 (fig. 1). ^\^Iile such findings do not permit final conclusions, they 
suggest that slowly progressive changes occur which make it increasingly difficult 
to obtain a response. 


SUMMARY 

1. Preloban (anterior lobe) administi-ation produces increases in cardiac output 
and in oxygen consumption in the normal dog comparable with the previously 
reported increase in renal blood flow. 

2. Thyroidectomy significantly reduces cardiac output and oxj^gen con- 
sumption. Preloban administration to the thyroidectomized dog usually some- 
what increases both cardiac output and oxygen consumption, indicating that its 
action is not entirely through its content of thyrotrophic hormone; the effect is 
not as great as in the normal dog. The foimation by the anterior lobe of a sub- 
stance which directly influences metabolic processes is postulated. 

3. Hypophysectomj’’ produces a marked, prompt and permanent fall in cardiac 
output and oxygen consumption comparable with that previously reported in 
renal blood flow; subsequent thyroidectomy produces a slight further fall. 

4. Preloban administration to the hypophysectomized dog raises cardiac out- 
put and oxygen consumption, usually to normal values; it apparently becomes 
less effective with increasing time after either thyroidectomy or hypophysectomy. 

5. Cardiac output and cxj^gen consumption were found within normal limits 
in dogs with chronic dener\''ation of neural hypophysis. 



244 


■iVHITE, HEIXBECKER AXD ROLF 


REFERENCES 

(1) White, H. L., P. Heinbecker and D. Rode. This Journal 149: 404, 1947. 

(2) Rhoads, C. P., A. S. Alving, A. Hiller .\nd D. D. Van Slyke. This Journal 109; 

329, 1934. 

(3) Blalock, A. and T. R. Harrison. This Journal 80: 157, 1927. 

(4) Sharpey-Schafer, E. P. Clin. Sci. 6: 125, 1944. 

(5) Brannon, E. S., A. J. Merrill, J. V. Warren and E. A. Stead, Jr. J, Clin. Invest. 

24:332, 1945. 

(6) White, H. L. AND P. Heinbecker. This Journal 130:464, 1940. 

(7) White, H. L., P. Heinbecker and D. Rolf. This Journal 136: 584, 1942. 

(S) Heinbecker, P., D. Rolf and H. L. White. This Journal 139: 543, 1943. 

(9) Odaira, T. Tohoku J. E.vper. Med. 6: 325, 1925. 

(10) BljIlock, a. and T. R. Harrison. Surgery, Gyn. and Obs. 44: 617, 1927. 

(11) Albright, F., W. Parson and E. Bloomberg. J. Clin. Endocrinol. 1: 375, 1941. 

(12) Thompson, K. W. and L. Eisenhardt. J. Clin. Endocrinol. 3: 445, 1943. 

(13) Heinbecker, P. Medicine 23 : 225, 1944. 

(14) Barnett, H. L., A. M. Perley and P. Heinbecker. Proc. Soc. Exp. Biol.'& Med. 

62: 114, 1943. 


AX EVALUATION OF A AIETHOD INVOLVING CARBON DIOXIDE 
EQUILIBRATION FOR DETERMINING CARDIAC OUTPUT^ 

FRANK D. GRAY, JR., RICHARD J. BING and LEROY" VANDAM 

From the De-partmcnl of Surgery, The Johns Ho-pkins University and Hospital, 

Baltimore, Maryland 

Received for publication August 15, 1947 

The total pulmonary blood flow of the normal individual may be determined 
by appbdng the Fick principle (1) to blood oxj’-gen and carbon dioxide values ob- 
tained from simultaneous direct sampling of the pulmonary artery and a pe- 
ripheral artery and from determinations of the respiratory gas exchange (2). 
In many cases of congenital heart disease, however, the total pulmonary blood 
flow (pulmonary capillaiy flow) may exceed the blood flow through the pul- 
monary artery because of the presence of large collateral circulation to the lungs 
or the persistence of a patent ductus arteriosus. Consequently, in studies 
reported in earlier papers of this series (3-6) an indirect method was used for the 
determination of pulmonary capillary blood flow. Pulmonary artery blood 
flow, on the other hand, was determined by direct catheterization of the right 
ventricle or pulmonary artery 

In the normal individual, collateral circulation to the lung is insignificant (7). 
In the normals, values for cardiac output using a method based on the indirect 
Fick principle should equal those derived from an application of the direct Fick 
principle. From the results thus obtained, and from the values for pulmonary 
artery flow, the collateral circulation to the lung can be calculated (3). 

It is the purpose of the present commimication to te.st the accuracy of the 
indirect method by comparing its results with those obtained from the applica- 
tion of the direct Fick principle. The results were obtained from a group of 
14 subjects having no knonm intracardiac shunts. All subjects were volunteers 
from the patient population of the hospital. 

Methods. Many indirect methods of determining the cardiac output by 
means of the Fick principle have been based on the rate of diffusion of inert gases 

* This study was supported bj" a grant from the Commonwealth Fund and the Carolyn 
Strauss Fund. 

- According to the Fick principle, formulae for calculation of cardiac output in the nor- 
mal individual by the direct method and pulmonary capillary flow by the indirect method 
arc 

1. (Pulmonary arterj’ blood flow Oxygen intake in ml./min. 

(cardiac output) ml/min.) O: content of femoral arterial blood — 

O; content of right auricular blood 

2. (Pulmonary capillary blood flow Carbon dioxide output in ml./min. 

in ml/min.) qq. Qontent of blood reaching alveoli 

CO: content of pulmonary vein blood 

The flows are expressed as liters/minute/M= body surface area. 
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from the pulmonaiy alveoli into the blood. Various workers have used nitrogen 
(8), nitrous oxide (9), ethyliodide (10) and acetylene (11). Others have em- 
ployed the Fick principle by determining indirectly the gas contents of pul- 
monaiy capillary and pulmonary vein blood and the exchange of one of the 
respiratory gases. Most of these studies have used carbon dioxide, chiefly 
because of its gi’eater diffusion rate. The method to be presented falls in this 
group. 

The difficulties and theoretical objections of the indirect method involving 
carbon dioxide equilibration have been thoroughly discussed in the reviews of 
Richards and Strauss (12), Haldane and Priestley (13), hlarshall (14), Grollman 
(15), Morrissey (16) and Hamilton (17). 

Determination of the carbon dioxide conteyit of pulmonary capillary blood. L6w.y 
and von Shrotter (18) attempted to equilibrate the alveolar air in a lobe of the 
lungs with pulmonary capillaiy blood bj’- blocking off the bronchus to that lobe 
with a balloon-encircled bronchial catheter. They waited until the carbon 
dioxide tensions in the test portion of the lung and the pulmonaiy capillaiy blood 
were in equilibrium. Such a state was indicated when repeated sample values 
formed a plateau. This method was cumbersome and in some-cases hazardous 
enough to discourage its frequent application. This complicated method was 
replaced by Plesch (19), who advanced the idea that the desired equilibrium 
would be reached if, after rebreathing expired air from a bag several times, a 
constant value for these gases was found in successive samples from the bag. 

Earty experience in this laboratory demonstrated that any equilibration 
method for determining the carbon dioxide content of pulmonaiy capillary blood 
in congenital heart disease had to have several special qualities. First, the 
e.xecution of the test had to be simple enough to be perforaied by very j^ung 
subjects. Second, equilibration had to be completed before the recirculation of 
carbon dioxide began (17). The possibility of recirculation is cdnsiderablj’’ 
greater than noianal in the presence of septal defects with intracardiac shunts. 
Third, it had to meet the criteria for accurate equilibration which involved; 
a) ox 3 ’-genating the pulmonaiy capillaiy blood so that constant ‘virtual’ carbon 
dioxide values could be deteimined from an oxygenated carbon dioxide dissocia- 
tion curve; b) holding the inspired mixture in the lungs for a sufficient time to 
produce intrapulmonary mixture of gases; c) minimizing changes in cardiac 
output incident to the procedure itself. Although it is recognized that breath- 
holding itself will alter cardiac output (17), the effects of such a change would 
not be reflected appreciablj'' in changes in the carbon dioxide tension of pul- 
monarj’- capillary blood until a complete circulator}'- cycle was approached. 
Hence the data obtained in the allotted time Avould still represent basal condi- 
tions. 

After getting unsatisfactory results from rebreathing methods of attaining 
equilibration, a technique ivas devised which modified the methods of Chris- 
tiansen, Douglas and Haldane (20), Henderson and Prince (21), Burwell and 
Robinson (22), Field and co-workers (23) and Richai'ds (24). As far as possible, 
the method adopted met the requirements for general cardiac output studies as 
Avell as the special criteria for work in congenital heart disease. 
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Three anesthesia bags, each provided ivith a three-way tap, -were filled from 
commercial tanks with specially prepared oxygen-carbon dioxide mixtures of 
approximately 4, 5 and 6% carbon dioxide, respectively. The carbon dioxide 
percentages used covered the range expected in the pulmonary capillary blood. 
The small difference in the percentages was necessary because it was found 
that rapid equilibration was impossible if the carbon dioxide tension in any bag 
differed more than 2% from that of the pulmonarj' capillary blood (3). The 
volume of each bag was adjusted to about 60% of the patient’s vital capacity. 

A rubber mouth piece attached to one arm of the three-way tap was placed 
in the patient’s mouth. After allowing the patient to breathe with the tap 
turned to room air until he was adjusted to the apparatus, he was instructed to 
take a full inspiration. At the beginning of inspiration the tap was turned from 
room air to the gas bag. After holding the mixture in his lungs lor a period not 
exceeding 8 seconds, but greater than 5 seconds, the patient made a deep com- 
plete expiration into the bag, and the tap was turned to room air. Following 
an interval of 5 minutes, the procedure was repeated with the same bag. The 
content of the bag was then analyzed for carbon dioxide. Each bag was equi- 
librated in turn and the results analyzed. In most cases the contents of the bags 
agreed within 0.1%. In the event that agreement was not reached, a rough 
extrapolation of the direction of change usuallj’^ indicated the mixture which 
had not equilibrated, and one or two further re-equilibrations brought it into 
accord. Upon reaching a satisfactory agi’eement, an average of the carbon 
dio:dde contents of the bags was determined, and the results, in terms of mm. 
Hg pressure, applied to an oxygenated carbon dioxide dissociation curv'^e for 
conversion into blood carbon dioxide contents. 

Determination of the carbon dioxide content of 'pulmonary vein blood. In the 
presence of intracardiac shunts, peripheral arterial blood carbon dioxide content 
cannot be accepted as representative of the carbon dioxide content of the pul- 
monaiy vein blood (25). Hence the carbon dioxide content of pulmonary vein 
blood must be estimated by indirect means. It has been shown by Comroe (26) 
among others that alveolar gases are in equilibrium with the blood gases of the 
arterial blood in noimal individuals; consequently, it is possible to determine the 
carbon dioxide content of pulmonaiy I’^ein blood from the partial pressure of 
carbon dioxide in alveolar air. 

Most methods of determining the alveolar gas tensions follow or are modifica- 
tions of the method of Haldane and Priestley (27). Having shown that the 
alveolar gas tensions and pulmonaiy vein blood gas tensions varied somewhat ^ 
vith the respiratory cycle, these authors attempted to approach a mean value 
for the alveolar gas tensions. They trapped gas from the end of a deep, rapid 
expiration in a pre-evacuated mercurj' sampling tube. The samples were taken 
at the end of a normal inspiration and at the end of a normal expiration. The 
average of the two values (inspiratoiy and expiratory alveolar air, respectively) 
was accepted as representative of the mean alveolar gas tension. 

Since there has been a great deal of difficulty in obtaining expiratory alveolar 
air samples from children, only inspiratorj’^ alveolar air samples have been col- 
lected. For reason of standardization this method of collecting alveolar air 
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has been employed in the case studies presented liere. Usuallj'’ the average 
of several closely agreeing alveolar air samples was used. , 

Some of the patients in the j’-ounger age gi'oup were not able to cooperate 
in this test even after repeated attempts; hence the Smith and Heinbecker valve 
for sampling alveolar air (28) has been used in a few of the veiy young children 
having congenital heart disease. Results obtained in this waj’- from older pa- 
tients agreed closely with those from the method of Haldane and Priestley (27). 

The delcrminalion of the total carbon dioxide oidput. In order to determine 
the total amount of carbon dioxide produced, the patient’s expired, air was col- 
lected under basal conditions for a period of 1 to 2 minutes and analyzed for 
carbon dioxide and oxj'^gen. 

The construction of an oxygenated carbon dioxide dissociation curve. The re- 
sults of the equilibration and alveolar air teclmiques were expressed as carbon 
dioxide tension in mm. of Hg. In order to calculate the volume flows, the. gas 
tensions had to be converted into the volumes of gas per 100 ml. of blood. This 
was done by reference to an oxygenated carbon dioxide dissociation curve. 

It has long been recognized that a separate curve must be determined for 
each individual because of variations in hemoglobin content and pH of the blood 
(29). The construction of a carbon dioxide dissociation curve was made easier 
Avhen Peters and co-workers demonstrated that the carbon dioxide dissociation 
curve plotted on logarithmic graph paper was represented by a straight line. 
The slope of this line could be calculated from the oxygen capacity of the blood 
(30, 31). Hence it was possible to construct a cur\'e from two obsen'ed points, 
or, according to Peters, from one point through which a line of calculated slope 
could be dravTi. 

In the method reported here, puhnonaiy capillai-}'' blood was equilibrated 
with a gas mixture containng 94 to 96% oxygen; therefore, it was necessary 
to construct dissociation curves from fullj'- ox 3 'genated blood. This was done b}'’ 
equilibrating 5 ml. samples of blood vith two oxj'gen -carbon dioxide mixtures 
containing 4 and 7% carbon dioxide, respectivelj’' The equilibration was 
carried out in glass tonometers rotated in a water bath at 37°C. for 20 minutes. 
Immediately following the equilibration the carbon dioxide in the gas mixture 
and in the blood Avas determined. Bj’' plotting these data on logarithmic graph 
paper, two points Avere obtained. In most cases it AA'as found that the slope of a 
line draAATi through the tAvo obseiwed points coincided closety AA'ith the slope 
calculated bj^ the Peters formula. 

The method just described for obtaining a full}'" oxj’genated carbon dioxide 
dissociation ciuwe introduced a slight error, since the blood in the pulmonaiy 
A^ein is slightty beloAv 100% in ox^’^gen saturation. Therefore, the time dissocia- 
tion cuiwe for the aReolar air sample Amlues AA'ould be shifted someAA'hat to the 
left of the constructed cuiwe. The error AA'as not considered sufficient to Avarrant 
apptying a correction factor. 

The direct Pick procedure. Right heart catheterization A\-as used in the de- 
teimination of cardiac output b3'' means of the direct Pick principle (2), It is 
realized that this method is not AA'ithout error (32). HoAA'eAmr, its results appear 
to be more reliable than those obtained AA'ith other procedures. 
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In the cases reported in this paper it has been impossible to obtain simul- 
taneous determinations for the indirect and direct method. However, the two 
methods have been applied in immediate sequence. Usually the indirect was 
followed ait once by the catheterization procedure. The usual sequence of events 
for the 'indirect test was first, a determination of the carbon dioxide produced; 
second, the collection of several alveolar air samples; and third, the equilibration 
for estimating carbon dioxide content of pulmonary capillary blood. The cal- 
culations were then made according to the formulae presented. 

Technical methods. All gas analyses were carried out in the Haldane gas 
analysis apparatus. The results of these analyses, expressed as per cent, were 
multiplied by the barometric pressure from which 47 mm. of Hg, representing 
water vapor pressure, had been subtracted. The value thus obtained was the • 
gas tension in mm. of Hg. All gas volumes were expressed in terms of dry gas 
at 760 mm. mercui’y and at 0°C. 

The blood-gas contents were determined in the Van Slyke manometric ap- 
paratus and expressed as volumes of gas per 100 ml. of blood. 

Blood samples were drawn under oil in syringes containing 2 mgm. of sodium 
fluoride and 15 mgm. of potassium oxalate per 10 ml. of blood. 

Results and discussion. In comparing the values obtained from the 
various procedures of the indirect method with their counterparts in the direct 
method, considerable deviation was found. The deviation of the pulmonary 
capillary blood (indirect method) carbon dioxide content from that of the pul- 
monary artery (direct method) had a range of —8.1 vol. % to d-4.4 vol. %. 
The deviation of pulmonary vein blood carbon dioxide content determined by 
the alveolar air sample (indirect method) from that of the peripheral arterial 
blood (direct method) had a range of —3.8 vol. % to -h 5.0 vol. %. The dis- 
agreement between the carbon dioxide figures determined by direct analyses and 
by calculation might be interpreted as proof of the contention that the carbon 
dioxide content of the inspired mixture is diluted with residual air. Thus the 
resulting concentration of carbon dioxide in the lung air does not rise sufficiently 
to effect a rapid equilibration with pulmonary capillaiy blood (17). It is con- 
ceivable, however, that the large differences obseiwed ma 3 ^ be caused by other 
factors. It has been shown bj’’ Cournand that values for cardiac ouput as de- 
termined from the carbon dioxide contents of catheter blood do not check with 
those obtained from oxj’-gen figures (2). This suggests that the individual 
carbon dioxide values determined directty cannot be used as absolute reference 
points. Furthermore, the two tests were performed in sequence rather than 
simultaneous^. It is conceivable that the carbon dioxide values in pulmonary 
blood change during the period elapsing between the two procedures without a 
corresponding alteration in the cardiac output. These considerations indicate 
that the difference between the carbon dioxide values obtained bj’' the two meth- 
ods is not necessarilj’- the result of insufficient equilibration of the inspired carbon 
dioxide with pulmonaiy capillaiy blood. Despite these considerations it cannot 
be denied that the latter factor maj’- plaj’’ some part in the results obtained. 

■The results obtained for the cardiac output bj' the two methods, on the other 
hand, show better agreement (table 1). The two methods were related by a 
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correlation coefficient having a value of 0.G8 with a standard error of 0.28. In 
11 of the 14 cases the results of the indirect method fell within 30% of the stand- 
ard direct method. In three cases (Nos. 1, 4 and 14) in which the deviation 
was greater than 30%, respiratory quotients of 1.17, l.,2 and 1.17, respectively, 
were obtained from the metabolism tests (table 1). This clearly represents 
overventilation on the part of the .subject, and these cases should be considered 
unsuitable for an indirect determination of cardiac output. 
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It is realized that the small number of e.\periraents reported doe.s not permit 
an accurate statistical anal 3 ’'sis of the probable relationship between the methods 
in an imlimited population. A further difficulty lies in tlie likelihood that a 
group of volunteers would have a greater degree of cooperativeness than the 
general population, hence would constitute a ‘selected’ sample. However, it is 
improbable that the agreement betAveen the two methods could be entirely the 
result of cooperation, and even if it Avere, the method Avould be of A'alue in those 
individuals aaIio are able to cooperate. 

In vieAv of the results of these experiments, differences betAV'een the direct 
Tick determination of pulmonaiy arteiy floAv and the determination of pul- 
monary capillan.^ floAv of less than 30% cannot be considered evidence of collateral 
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circulation in congenital heart disease. Converselj’", differences over 30% 
should suggest the presence of collateral circulation. 

SUMMARY' 

Results of studies of 14 subjects having no knomi intracardiac shunts were 
reported comparing the indirect determination of pulmonary capillary flow 
■s\uth the direct right heart catheterization method. 

A correlation coefficient of 0.68 was found relating the two methods. 

Errors of the method and its application to studies of congenital heart disease 
were discussed. 
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Subjectively the sensation of thirst is attributed to dryness of the mouth and 
throat. Cannon (1) demonstrated that there was a close correlation between 
the sensation of thirst and a reduction in the salivaiy flow. In seeking an ex- 
planation for this reduction in salivarj'’ flow and also in I'elating thirst to fluid 
changes in the bodj'' Gregersen demonstrated concurrent reductions in both 
plasma volume and salivarj'- flow during periods of thirst produced by water 
deprivation, sweating, severe diuresis and hemorrhage (2, 3, 6). This evidence 
coupled with Gesell’s obseiwations (4, 5) suggested that a decreased blood suppty 
to the salivary glands could account for the diminution in salivarj’- secretion. 

Leschke (7) in 1918, and more recentlj’- other investigators (8, 9, 10), have 
demonstrated that thirst can be induced by the intravenous injection of hyper- 
tonic salt solution. This produces an increase in the plasma volume (10), and 
therefore represents a situation in which the above explanation would not seem 
to apply. However, other mechanisms may be operating. Furthermore, we 
could find no data on the effect of intravenous injection of hypertonic salt solu- 
tion on salivary flow. Hence the following study was undertaken to make such 
measurements in man and to determine the relation, if anj% between changes 
in salivaiy flow and the sensation of thirst. 

Procedure. All subjects were adult males, ranging in age from 30 to 60 
j'-ears, who were receiving salt injections for the treatment of peripheral vascular 
disease (throrabo-angitis obliterans or arteriosclerosis). On the daj’- of the 
experiment an earlj’- breakfast was restricted to coffee and fruit juice. The pa- 
tient was allowed water ad libitum from the time he arose in the morning until 
he was seen in the out-patient clinic at 10 a. m. After a rest period of approxi- 
matelji- 30 minutes, each subject received from 250 to 300 cc. of 5% NaCl in- 
jected into the antecubital vein over a period of 15 to 20 minutes. After a 
variable period of time (10 to 60 minutes), the subjects were allowed water. 
A record was kept of the water intake until 6 R. m. No food was taken until 
approximatelj’- 2 hours after completion of the injection. At this time all tests 
had been carried out and the subjects were allowed to retui-n to their dailj’- rou- 
tine. 

1 The authors are indebted to Dr. Beverly C. Smith of the Department of Surgery, 
College of Physicians and Surgeons, Columbia University, for his cooperation in these 
studies, which were carried out in the Peripheral Vascular Clinic, Vanderbilt Clinic, Colum- 
bia University, New York City. 

- Present address; University of Colorado School of Medicine, Denver, Colo. 
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Salivary flow was measured by collecting the saliva during a 5-mmute period 
of breathing through the rpouth (3). At least 2 measurements of salivary flow 
were made prior to the salt injection, and the determinations were repeated im- 
mediately after completion of the injection. In many experiments salivary 
flow was also measured at regular intervals after the ingestion of rvater. 

In 9 experiments venous blood samples were taken before the injection, im- 
mediatelj’’ afterward, 30 minutes later and in some instances also at 15 and 60 
minutes after the injection. Following the administration of salt, all blood 
samples were dravna from the opposite arm and care was taken to avoid stasis. 
No water was permitted until the last blood sample was obtained. The sei’um 
protein concentration was determined by the refractometric method of Neu- 
hausen and Rioch (12), and the serum chloride concentration by the absorption 



Fig. 1. Results of 25 experiments on 16 human subjects (lowei graph) showing the per 
cent decrease in salivary flow that occurred immediately after intravenous injection of 300 
cc. of 5% NaCl. The salivary flow was essentially unchanged in 8 experiments on 5 subjects 
receiving 300 cc. of 0.9% NaCl (upper graph) 

indicator method of Saifer and Kornblum (13) . In 5 experiments measurements 
were also made of the hematocrit value, using the Wintrobe tube, and of the 
serum sodium concentration, using the zinc uranylacetate method of Butler 
and Tuthill (14). 

Results. Twenty-five experiments were performed on 16 subjects. It 
can be seen from figure 1 (lower graph) that in eveiy instance the salivary flow 
was reduced immediately after the injection. In 80% of the experiments the 
flow was reduced by more than 50% of the control value. The drinking of 
water relieved the thirst and restored the salivarj’’ flow to normal levels (fig. 2). 
If the subjects were not allowed to drink until 30 to 60 minutes after completion 
of the injection, the reduction in salivaiy flow persisted until drinking was per- 
mitted. 

The subjects complained of drjmess of the mouth after the injection of only 
100 to 150 cc. of the 5% salt solution. As the injection was continued the tliiz'st 
became more intense. The patients stated that the saliva became thick, and 
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sticky and had a peculiar taste, and that rinsing the mouth Avith Avater gave 
little relief. In describing the taste sensation noted after the injection, most of 
the men used the AA’ord ‘peculiar’ and AA'crc not completely satisfied Avith such 
terms as ‘metallic’ and ‘salty’. lyheneAmr permitted the subjects Avould drink 
200 to 800 cc. of AA'ater immediate^. The extent of the drinking appeared to 
be limited bj"- the severity of ‘thirst’, ‘full feeling in the stomach’ and ‘coldness 
of the AA^ater’. The subject might take additional AA'ater in 10 to 15 minutes and 
then there AA'ould be no further drinking until I 5 to 2 hours later. There Avas a 
rough correlation betAveen the percent reduction in salivaiy floAv after salt injec- 
tion and the amount of Avater a subject Avould drink. 



Fig. 2. Reduction of salivary flow after intravenous injection of 300 cc. of 5% NaCl and 
the return to control values after the drinking of water, in subject J. L. 

The salt injection caused a ilse in the serum chloride concentration. The 
average increase AA’as 9.8 mEq. immediately afterward and 7,3 mEq. 30 minutes 
later (table 1 ) . The serum protein concentration and hematocrit values dropped 
as a result of the injection. The average decrease in the serum protein concen- 
tration Avas 1.09 gram % immediately after the injection and 0.74 gram % 30 
minutes later (table 1). The average decrease in the hematocrit value (percent 
red cell volume) aa-rs 5.0 and 2.7, respecthmly, for the same periods. Calculations 
of the increase in plasma volume based on the changes in hematocrit value and 
concentration of plasma protein and of the increase in extracellular volume based 
on the changes in concentration of senim sodium and chloride (16) indicated that 
there Avas a 5 to 10% increase in both plasma volume and extracellular fluid vol- 
ume a.s a result of the salt injection. These calculations agreed Avith the volume 
changes obseived by Dr. Ferrebee in these same patients using the blue d 3 ’^e 
T-1824 for the determination of plasma A-olume and NaSCN for the determination 
of extracellular A'olume (15). 
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Later in this study the opportunity of obtaining control data was realized when 
the treatment was changed so that 5 of the subjects received 300 cc. of 0.9% 
i^faCl and one-half grain of papaverine instead of 5% NaCl. The results in this 
group (8 experiments) differed markedly from those of the previous experiments 
(figure 1, upper graph). In only one instance was there a distinct reduction in 
salivary flow (40%) . In the other 7 experiments there was no significant change. 
These subjects did not know that their treatment had been altered, and they 
could not understand why thej’’ did not feel thirsty after the injection. 


Table 1. Changes in serum chloride concentration and serum 'protein concentration observed 
follotcing the intravenous injection of S% salt solution in 9 men. In the case of H, 600 cc. of 
’water was given by mouth 25 minutes before starling the salt injection 


SUBJECT 

DATE 

NO. CC. 
SALT 
INJECTED 

SEItUM Cl 

(iI.EQ. PER liter) 

ilAXIiniM 
RISE IN 

Cl 

SERUil TROTEIN 
(GRAM PER CENT) 

MAXIMUM 
RISE IN 
PROTEIN 

Control 

Imme- 

diately 

after 

NaCl 

30 mm. 
after 
NaCl 

Control 

Imme- 

diately 

after 

NaCl 

30 min. 
after 
NaCl 

Re 

2/29/39 

300 

96.0 

n 


8.0 

7.88 

6.60 


1.22 

Lc 

3/14/39 

300 

98.0 

IB 


7.5 

6.85 

5.83 


1.03 

M 

4/ 4/39 

300 

97.0 

111.0 


14.0 

6.86 

5.67 

6.24 

1.49 

G 

4/11/39 

195 

94.0 

102.0 

wm 

8.0 

5.31 

4.63 

4.84 

0.68 

Li 

10/17/39 

300 

98.5 

108.2 

107.0 

9.7 

8.53 

6.68 

7.14 

1.85 

A 

10/ 4/39 

300 

100.0 

110.0 

106.0 

10.0 

5.66 

5.05 

5.15 

0.61 

D 

10/ 7/39 

300 

100.8 

110.5 

105.2 

9.7 

7.14 

6.43 

6.58 

0.71 

Ro 

10/24/39 

300 

97.5 

108.2 

108.3 

10.7 

7.83 

6.60 

7.47 

1.23 

B 

11/24/39 

300 

100.2 

110.4 

107.5 

10.2 

7.21 


6.75 

0.87 







9.8 




1.09 

H 

4/18/39 

. 250 

98.0 

110.0 


12.0 

m 



1.13 




97. 0> 




7.63' 





1 Values obtained 25 minutes after ingestion of water and immediately preceding salt 
injection. 


As a further control, measurements of salivary flow were made approximateh^ 
5 times a day over a period of 2 weeks on a group of 5 laboratory workers. The 
salivarj^ flow from day to day was remarkably constant and indicated that the 
results shown in figure 1 could not be attributed to normal daily fluctuations in 
salivary flow. 

In a previous study in dogs (10) we had shown that if water was given by gas- 
tric fistula 15 to 30 minutes before the intravenous injection of hypertonic salt 
solution (20%), the usual drinking response which followed such injection was 
cither minimal or absent. We wanted to see if similar results could be demon- 
strated in man. In 8 experiments 5 subjects ingested 400 to 600 cc. of water 20 
to 30 minutes before salt injection. All testified that this procedure relieved the 
intense thirst which usually followed the injection of 5% salt. In several in- 
stances tliey stated that they were not thirsty at all and drank no water after the 
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injection. The results of the experiments on 4 of these subjects are shonm in 
table 2. It will be noted that previous ingestion of water effective^ inhibits the 
marked drop in salivary flow that is always obsen'-ed after the intravenous injec- 
tion of hj'^pertonic salt solution. Here again changes in salivaiy flow appear to 
be indicative of the degree of thirst experienced. Blood studies were made in 
one of the tests. It was found that the administration of water prior to the salt 
injection in no wa}'' altered the nature or the degree of the rise in chloride concen- 
tration or the fall in the protein concentration (table 1, subject H). This is in 
agreement with the results from similar tests in dogs (10). 

Discussion. The above results provoke an interesting speculation. To be 
sure they appear to be in accord with Cannon’s hypothesis that thirst arises from 
a deficient salivary flow and a sense of di-jmess in the buccal region. Indeed, the 
subjects themselves testified that the thirst sensation was localized in the oral 


Table 2. Experiments on 4 subjects shotving that the ingestion of 600 cc. of water 20 to SO 
mimttes before injection prevents the intense thirst as welt as large reduetion in salivary floto 
which follows the intravenous administration of SOO cc. of 5% NaCl 


SUBJECT 

JNTRAVENOOS INJECTION OF 300 CC. OF S % NaCl 

600 cc. WATER GIVEN 20 TO 30 SSINUIES PRIOR TO 

INJECTION or S % NaCl 

Date 

reduction 
salivary flow 

Thirst 

Dale 

change in 
salivary flow 

Tiiirst 



% 





L. 

1/17/40 

92 

4-k-f-i- 

2/ 4/40 


4- 


2/10/40 

88 

++++ 





3/14/40 

70 

++•4-4- 




11. 

1/17/40 

87 

■4 — 1 — i — 4" 

1/24/40 

-10 

0 


1/10/40 

75 

-f-4-+-4- 

2/ 4/40 

-35 






3/29/40 

—7 

0 





4/18/40 

-14 

0 

C. 



+++4- 

3/21/40 

4-30 

0 

E. 



4-+++ 

7/12/39 

-20 

+ 


cavity, stating that this region felt dry and that the saliva was thick and sticky. 

stands out as a mysteiy is how the reduction in salivaiy flow occurs, for in 
this instance it cannot be ascribed to a diminished blood volume. On the con- 
traiy the salt injection increases the blood volume 5-10%. 

The absence of thirst and the maintenance of normal salivary flow when water 
is ingested prior to the salt injection is also rather puzzling, because this proce- 
dure does not materially alter the response to salt injection so far as the rise in 
serum chloride or drop in plasma protein and hematocrit values are concerned. 
This would suggest that further study of the mechanism of changes in salivary 
flow might reconcile Cannon’s theorj’' of the local origin of thirst with the concept 
of thirst as a sensation of diffuse origin (17). Proponents of the latter concept 
have suggested several factors as playing a role in the initiation of thirst, namelj’", 
increased seinim osmotic pressure (18), increased senim sodium (7, 19) and de- 
creased water content of tissue cells (8, 17). From the blood studies it Avould 
appear that all of these changes were present following the salt injection, but 
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there was also an associated reduction in salivary flow. Furthermore, when 
water was'given prior to the salt injection, the salivary flow was correlated with 
the sensation of thirst but the blood changes measured in this study did not ap- 
pear to be so correlated. 


SUMMARY 

In man (25 experiments) the thirst produced by the intravenous injection of 
300 cc. of 5% sodium chloride was found to be associated with a reduction in 
salivary flow. This is consistent with the ‘dry mouth’ theory of thirst. The 
changes in serum concentration of sodium, chloride and protein following the 
injection indicated an increase of 5 to 10% in plasma and extracellular volumes. 

Ingestion of water (400 to 600 cc.) 20 to 30 minutes prior to the salt injection 
alleviated the severe thirst usually experienced and prevented the reduction in 
salivary flow. Nevertheless the rise in serum chloride concentration and the 
drop in serum protein concentration were of the same degree as in the other ex- 
periments. This suggests that thirst and salivary flow are sensitive to fluid 
changes which are not measured by such indices as changes in serum concentra- 
tion of protein, chloride and sodium. 
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The work reported in this paper Avas part of a study of the effects of positNe 
pressure breathing on the peripheral circulation. A general survey of this field 
has been recently published by Barach, Fenn, Ferris and Schinidt (1). EAudence 
of decreased blood floAV through the fingers has been reported elseAvhere (2). 
This paper gives further evidence that pressure breathing causes a peripheral 
A'^asoconstriction. Furthermore, by a combination of a teeter-board and plethys- 
mographic method an approximate calculation is made of the volume of blood 
(500 cc.) displaced from the lungs during pressure breathing at 30 cm. HjO. 

Method. The teeter-board or balance board Avas made of pljnvood on a 
Avooden frame, B, 7 feet long and 2| feet A\'ide and Avas supported by knife edges, 
e, at its mid point as shown in figure 1. The subject lay supine on the board on 
a narroAv mattress and his position A\’as so adjusted that the foot end of the 
board Avas slightly heavier than the head end. This excess Aveight at the foot 
Avas supported by a steel spring attached to the board by a Avire and suppoi-ted 
on a table above the board. The spring AA^as a flat steel strap, »S, 9 x x 16 inches, 
firmly supported at one end. Mov^ements of the free end Avere magnified and 
recorded by a thread attachment to a heart lever, L, Avriting on a smoked drum. 
The foot of the teeter-board Avas attached by a Avire close to the point of support 
of the spring Avhich functioned therefore like an isometric lever. The sensitivitj^ 
of this system was such that a deflection of 1 cm. on the record Av^as produced by 
the addition of a 270'gram Aveight at the foot of the board 106 cm. from the knife 
edge or by a torque of 28.6 kgm. cm. 

The teeter-board serves to measure the total change in torque due to the blood 
displaced, but does not tell precisely where the blood came from nor Avhere it 
Avent to. To assist in the interpretation of the torque, therefore, one loAver 
leg up to a point just beloAv the knee aaus enclosed in a plethysmograph, P, of 
galvanized iron filled Avith air. Changes in Amlume of the plethysmograph 
Avere recoi-ded by an Eberbach volume recorder, V, writing on a smoked drum. 
The sensitiAuty Avas such that a deflection of 1 cm. indicated a change in Amlume 
of 10.6 cc. The orifice of the pleth 3 'smograph aaus sealed airtight around the 
leg with plasticene and zinc ointment. This caused no interference Avith the 
venous return, and leaks could easily be detected bj" injecting air into the system. 

* This work was performed under a contract recommended by the Committee on Medical 
Rcseareli between the Office of Scientific Research and Development and the University 
of Rochester. It was reported in December 1943 to the Committee on Aviation Medicine as 
Report No. 249. 
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This raised the recorder to a new level which was maintained constant so long 
as the system was airtight. 

RESXJiiTS. Occlusion of the venous return from the legs. For an initial test of 
the apparatus, blood pressure cuffs were wound around both legs just below 



Tig. 1. Diagra-m of teeter-board and plethysmograph methods. Devices ai'e pro- 
vided for locking the teeter-board at both ends when not in use. 


Table 1. Effect of iiiflaling cuff on leg 


SUBJECT 

A VOL. :n 
B oot 

(a) 

A TORQUE 

j (b) 

RATIO 

LEGS/FOOT 

(c) 

A BLOOD 
BELOW CUFF 

(d) 

DISTANCE 

C/\tCULATED 

(e) 

j 5th i.s. to 

KNEE 

({) 


CC. 

itgm. cm. 


grams 

cm. 

1 

1 cnt. 

Hegnauer 

24.7 

13.3 

5.5‘ 

143 

93 

1 81 

Chadwick . . 

40.6 

18.6 

5.0 

213 

87 

1 84 

Fenn ... . ■ . 1 

37.2 1 

15.5 

5.5 

215 

72 

74 

Hahn . . . 

39.0 

17.5 

4.6 

188 

93 

90 

Epstein 

51.7 

22.7 

5.1 

277 

82 

81 

Average 

38.6 

17.5 

5.1 

207 

85 

82 


' Assumed value. 

Columns (a) and (b) contain the experimentally measured values resulting from the 
inflation of the cuff. Column (c) is the volume of both legs below the cuffs divided by a 
volume of the foot in the plethysmograph. The value for Hegnauer is assumed as probably 
nearly the same as for Fenn (measured for the others). Column (d) is the product of (a) 
X (c) X density of blood, 1.05. It represents the total amount of blood dammed up below 
the cuff if all the leg accumulates as much per liter as the foot. Column (e) is column (b) 
divided bj' column (d). Column (f) is the distance on each subject from the fifth inter- 
costal simcc to the knee joint. 

the groin. When these were inflated to GO mm. Hg pressure so as to impede 
the venous return, the foot plethysmograph showed an increase in volume of 
38.G cc., and the change in torque on the teeter-board Avas 17.5 kgm. cm. These 
figures are averages from 5 subjects, the individual data being included in table 1. 
A typical record of cuff inflation is shoAvn in figure 2. The volume of the 
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legs below the cuffs and the volume of the portion of the leg in thfe plethysmo- 
graph were determined by water displacement, and it was assumed ’that all the 
tissue in both legs below the cuff received as much blood per -lifer of tissue as 
the part in the plethysmograph. On the average then, it may be calculated that 
the increase in blood in the two legs below the cuffs was 207 grams (assuming 
a blood density of 1.05). In order to explain an increase in torque in the foot- 
ward direction of 17.5 kgm. cm., 207 grams of blood must have moved an aver- 
age distance of 17.5/207 or 85 cms. which is approximately the distance from the 
knee to the heart or lungs. The knee ma}-' be taken as the center of gravity of 
the legs below the cuffs, and the heart then represents the center of gravity of 
the origin of this volume of blood. The agreement shown in the last two columns 
in table 1 between this calculated distance and the measured distance from the 
fifth intercostal space to the knee is quite remarkable. The experiment indicates 
that the plethysmograph and the teeter-board agree reasonably well- in their 



Fig. 2. Evidence tor vasoconstriction in the foot during pressure breathing. 
When a cuff is inflated {arioxo) around one leg the foot volume increases in the plethysmo- 
graph {upper record) and the foot-end of the teeter-boaid grows heavier {down stroke in 
lower record) With the cuff still inflated pressure breathing increases still further the 
weight of the foot-end of the board but the foot protected by the inflated cuff decreases in 
volume. At the right are calibration deflections obtained with 10 cc. and 200 grams, re- 
spectively. 

readings and suggest further that the lungs act as a storage depot for blood from 
which supplies may be taken when any part of the normal blood volume is 
trapped in the periphery by venous occlusion. 

Pressure breathing. In other ex'periments we have measured the effects of 
pressure breathing on the foot volume and the balance of the teeter-board. 
The positive pressure was applied through a pressure mask connected with a 
stream of air and a spring-loaded outflow valve. During the experiment the 
pressure was increased for a few minutes or until the circulatory response was 
complete, and then was released. In this procedure there seemed to be danger 
of an artifact because of the descent of the diaphragm during the pressure breath- 
ing. This increases the weight of the foot of the board and tends to obscure the 
change in weight due to the movement of blood. In order to take account of 
this error, we endeavored always to make readings when the diaphragm was in 
the same position. This was accomplished by placing two pneumographs on 
the subject, one around the thorax and one around the abdomen. These were 
attached to water manometers which were set to read zero at the end of a normal 
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inspiration. The manometers were placed in view of the subject. Before, 
during and. after pressure breathing, the subject was asked to ‘level off’ by expir- 
ing or inspiring until both manometers read zero. In 3 subjects, only the 
abdominal pneumograph was used. Measurements were made on the record 
from the points where this procedure was followed. The results so obtained 
were occasionally somewhat erratic probably because other circulatory changes 
Avere introduced in the effort to return the diaphragm to a fixed position. Thus, 
in one subject, expiration during pressure breathing made the feet heavier rather 


Table 2. Effect of pressure breathing (PB) on the volumes of the lower leg and the total balance 

of the body 


SUBJECT 

BODY 

WGT. 

i 

VOL. OF 
FOOT 

(b) 

EFFECT OF BB 

FRESSURE 
OF AIR 
BREATHED 

(e) 

DIS- 

TANCE 

(f) 

1 

CALCU- 

LATED 

TORQUE 

(s) 

! 

DIFF. IN 
TORQUE 

(b) 

BLOOD TO 
AB. 

(i) 

A voK 
(c) 

A torque 
(d) 


ksm. 

% ofU'l. 

CC, 

kgnt. cm. 

CM*. HjO 

CM*. 

ksm. cm. 


grams 

Fenn 

75 

3.85 

17.0 

20.4 

30 

64 

13.1 

7.3 

292 




15.1 

24.8‘ 

30 

64 

11.7 

13.1 

524 

- ! 



7.7 

11.5* 

20 

64 

6.0 

5.5 

220 

1 



3.8 

7.3* 

10 

64 

2.9 

4.4 1 

176 





12.1 

20 

64 

11.5 

.6 

24 

Chadwick 

72 

4.2 

6.6 

10.6 

30 

67 

5.4 

5.2 

208 

Hegnauer 

63 

4.0= 

15.2 

24.0 

30 

68 

12.5 

11.5 

460 

Rahn 

72 

4.2 

11.1 

31.1 

26 

77 

10.3 

20.8 

830 

Epstein 

79 

4.2 


11.5 

20 

65 

3.9 

7.6 

304 


Column (b) was determined by filling the plethysmograpli with a measured volume of 
water, with and without the foot. Column (f) is an approximate estimate from the di- 
mensions of the subject and represents the distance from the nipple line to a point on the 
thigh which is 0.62 the distance from the hip joint to the knee joint. Column (g) is column 
(c) X 1.05 (density) X 11-5 X column (f). Column (h) is column (d) minus column (g) 
or the torque not accounted for by blood in the lower half of the body. Column (i) is 
column (h) divided by 25, and represents the amount of blood which would have to move 
from the thorax to the abdomen (assumed distance — 25 cm.) to explain the remainder of the 
observed torque, column (h). 

^ Abdomen tightly bandaged — successive measurements in the same experiment. 

" Estimated. 

than lighter. In any event, the method showed us that* the results which we 
have recorded ivere not due merely to changes in the position of the diaphragm. 

The results of these experiments are shown in table 2 for 5 subjects. With 
pressure breathing, there was in everj'- case an increase in the volume of the foot 
and anincrease in the iveight of the foot-end of the board. A typical record is 
shown in figure 3. In general, the change in torque is greatest in those subjects 
in whom the changes in foot volume were greatest. Considering only those 
cases in which a pulmonaiy pressure of 30 cm. of ivater was used, it may be said 
that, on the average, the foot increased 13.5 cc. in volume Avhile the torque in 
the footward direction increased 19.9 kgm. cm. There was, in other ivords, 
a change .of torque of 1.5 kgm. cm. for each additional cc. of blood in the foot. 
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When the balance was disturbed by simply blowing up the cuff without anj 
pressure breathing (data of table 1), the increase in torque was only 0.46 kgm 
cm. per cc. of blood in the foot, and this is the change in torque to be expected 
if, in pressure breathing, the redistribution of blood is confined to a movement 
of blood from the thorax to the leg below the level of the cuffs. Evidently in 
pressure breathing some blood also moves into regions of the body between the 
cuffs and the diaphragm. In order to estimate this quantity of blood, it is 
assumed that the foot volume indicates the amount of blood per liter of tissue 
which is digilaced into all of the body lying below its center of gravity. Accord- 
ing to Cotton (3), the center of gravity in men is located at a point 56.7% ol 
the distance from the sole of the foot to the top of the head. In 4 of our sub- 
jects it was found that the volume of the foot in the plethysmograph in cubic 
centimeters averaged 4.1% of the body weight in grams. Taking 1.06 as the 


Balance 




Fig. 3. Pressure breathing increases the weight of the feet {fall in upper record) and 
increases the volume of the foot in the pleth3’-smograph (rise in lower record.). Calibra- 
tions are shown on both records. 

density of the foot, it may be assumed that the change in blood in the lower 
50% of the body is 50/(4.1 X 1.06) = 11.5 times as great as that in the foot 
plethysmograph alone. It may be assumed further that this blood comes from 
the thorax as it did in the e.xperiments with the cuff alone. To estimate the 
distance it has moved, it is necessarj’’ to determine the location of the center of 
gravity of the lower half of the body. Using data for the centers of gravity of 
the limbs and their relative weights given by Fischer (4), we have calculated 
that, on the average, the center of gravity of the lower half of the body lies at 
a point which is 0.G2 of the distance from the hip to the knee joint. The distance 
from that point to the mid-thoracic region averages about 69 cm. in our sub- 
jects. The change in torque to be e.xpected, therefore, when 13.5 cc. of blood 
goes into the plethysmograph during pressure breathing is 13.5 X 1.05 X 11.5 X 
69 or 11.2 kgm. cm. The difference (19.9 — 11.2) or 8.7 kgm. cm. must repre- 
sent blood moving from the thorax to the abdomen. 

In order to arrive at an estimate of the volume of blood moving from the thorax 
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into the abdomen, it is necessary to assume some mean figure for the distance 
between these two localities. This is difficult to do with any precision, but, 
for the sake of argument, we have used a figure of 25 cm. The amount of blood 
will then be 8.7/25 or 348 grams (332 cc.)? With these assumptions it may 
be concluded, therefore, that in pressure breathing with a pressure of 30 cm. 
of water, 13.5 X 11.5 or 155 cc. of blood moves from the thorax into the lower 
half of the body including the legs, buttocks, and lower abdomen while 332 cc. 


moves into the abdomen. 

In addition, some blood presumably goes into the head and arms. That 
which goes into arms Avould not change the torque very much because the arms 
lie at about the same level as the thorax, but blood going to the head would 
diminish the measured caudad torque. The head represents 7.06% of the body 
weight, and the foot in the plethysmograph about 4.1 X 1.06 or 4.35%. If 
the head received as much extra blood per liter of tissue during pressure breath- 


ing as the foot then the change of blood in the head would amount to 


7.06 X 13.5 
4.35 


or 22 cc." In order not to change the total torque measured during pressure 
breathing, it may be assumed that an equal amount of blood moved toward 
the abdomen an equal distance or, better, that ^ of this volume or 7 cc. moved 
toward the legs 3 times as far. In addition to this 22 + 7 = 29 cc., the arms. 


representing together 13% of the body weight, would receive 


13 X 13.5 
4.35 


or 42 cc. 


Considering the head and arms together with the abdomen and legs, therefore, 
the total blood displaced from the thorax probably amounted to 155 + 332 + 29 
-b 42 or 558 cc. (plus or minus perhaps 200 cc.). 

In one individual a series of different pressures was tried (see table 2). The 
data are insufficient for quantitative purposes, but it seems likely that the 
amount of blood displaced will be more or less proportional to the pressure. 
In this same experiment, the abdomen was tightly bandaged so that abdominal 
breathing was difficult, if not impossible. This was done to avoid artifacts 
due to variations in the position of the diaphragm. Thoracic breathing by itself 
has little effect upon the balance of the body, but may tip it headwards slightly 
during inspiration. The results of this experiment, however, were in no way 
different from those obtained without such a bandage. In one other individ- 
ual, in a preliminary experiment not listed in the tables, the abdominal binding 
was also used with identical results. We feel convinced, therefore, that our 
results are not due to the displacement of the viscera by pressure breathing. 
This possibility is also ruled out by the precautions which we took to return the 
diaphragm to its normal position in taking our readings. 

The xoater plethysmograph. This estimate which we have made of the amount 
of blood displaced from the lungs suffers somewhat from the assumption that 


- This is certainly not a strictly valid assumption because the head is largely ine.vtensiblc, 
but some blood must go toward the head and accumulate in the face, scalp, neck or shoul- 
ders, and this calculation will at least serve to show the order of magnitude of the blood 
involved in this process. 
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the foot is representath'^e of the whole lower half of the body. In an attempt 
to check the validity of this point, we arranged to measure directly the increase 
in Amlume of the lower half of the body by immersing the subject in ivater up 
to the Avaist in an oil drum. To increase the sensitivit}’’, a plaster of Paris coAmi 
Avas made AA’^hich occupied most of the free surface of the AA'ater so that the ad- 
dition of 100 cc. of AA^ater raised the total level by about 2 mm. The AA'ater level 
AA'as obseiwed in a glass siphon tube and scale hanging OA'er the edge of the drum. 
Unfortunate^, it AA'as found impossible to include the abdomen beloAv the AA'ater 
level Avithout introducing serious disturbances due to changes in the volume and 
shape of the abdomen AA'hen pressure breathing AA'as initiated. We had to con- 
tent ourselves, therefore, AA'ith immersion of the legs up to the groin. 


Table 3. Leg volume in barrel during pressure breathing 



1 

TEMP. OF 
MATER 

1 

1 

PB 

VOL, OF 
LEGS 

A AA’ATER LEA’EI. 

A VOL. OF 

A BLOOD 

SUBJECT 


IMMERSED 1 

100 CC. ! 

PB 


Barrel 

Boot 


(a) 

(b) 

(C) 

(d) 

(e) 

(f) 

(g) 

(h) 


-c. 

cm. HiO 

liters 

an. 

cm. ] 

cc. 

cc/liler 

Fenn 

21 

30 

22 

.27 

.21 

78 

3.5 

5.5 

Rahn 

21 

30 

18 

.18 

.03 

17 

.9 

3.7 

Rahn 

35 

30 

18 

.25 

,16 

64 

3.6 


ChadAvick 

35.6 

3C 

20.7 

.21 

.067 

32 

1.5 


ChadAvick 

28.5 i 

30 

20.7 

.26 

.103 

39.6 

1.9 


ChadAvick. . . . 

22 

30 

20.7 

.24 

.104 

43.4 

2.1 

1 2.2 

i 


Column (b) is the pressure applied to the lungs to cause the displacement of blood- 
Column (c) is the amount of water AA’hich had to be added to the barrel to bring the Ioa'oI 
back to the same point after the removal of the subject. Column (d) is the increase in 
level caused by adding 100 cc. of AA'ater AA’hen the subject Avas in position, and column (e) 
is the corresponding rise caused bj' the onset of pressure breathing. Column (f) is the 
ratio of (e) to (d) times 100. Column (g) is the ratio of (f) to (c) or the calculated amount 
of blood AA'hich Avas displaced into each liter of leg below the Avater line during pressure 
breathing. Column (h) is a corresponding figure from the boot plethysmograph e.\per- 
iments for comparison. 

The results of these experiments are sIioaa'u in table 3. The changes in level 
AA'hich resulted from pressure breathing at 30 cm. of Avater AA'ere only 1 or 2 mm., 
but they AA'ere uniformlj' in the same direction and indicated an increase in 
Amlume by 2.3 cc. per liter of leg. The magnitude of this increase varied con- 
siderablj' in different individuals. Subject R aa'RS tried on tAA'o different days. 
A A'ery small change Avas noted on the first day Avith the AA'ater in the barrel at 
about 21°C., but on the second day, at 35°C., the change Avas four times as large. 
On subject C, three different temperatures Avere tried on the same daj', and 
slightly larger A'alues Avere found at the loAA'er temperatures. Tlie last column 
in table 3 shoAA's the Amlume increase in cc. per liter of tissue at comparable 
temperatures in the boot plethysmograph. These figures are to be compared 
AA'ith corresponding figures in the preceding column obtained by the barrel 
method AA'hich, on the AA’hole, are someAA'hat smaller in magnitude. This dif- 
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ference can probably be attributed to the pressure of the water in the barrel 
method and the vertical instead of the supine posture. In the standing position, 
less blood is stored in the lungs and more in the feet. On account of these dif- 
ferences in the conditions, the barrel experiments do not offer much assistance 
in the quantitative interpretation of our other determinations, but there is 
certainly.no indication that the blood which moves into the upper leg during 
pressure breathing has been underestimated. 

Vasoconstriction due to pressure breathing. In all our subjects, we investigated 
the effects of pressure breathing -while the blood pressure cuffs around both^ 
legs were inflated to 60 mm. Hg pressure. The results are interesting because 
they afford very clear and definite evidence of vasoconstriction in the legs as 


Table 4. Pressure breathing with cujf inflated 


SUBJECT 

A VOL. IK 

1 BOOT 

(a) 

A TORQUE 

1 

(b) 

PB 

(c) 

, A voxume 

BELOW 1 
CUFF 

(d) i 

Calc’d. 
TORQUE 1 

(e) 

1 1 

BIFF. IN 
TORQUE ! 

(f) 

A VOL. 
ABOVE 
CUFF 

(e) 1 

A VOL. 
FROII 
THORAX 

(h) 


CC. 

ksm. cm. | 

cm. JI 2 O 

grams 1 

k^m. cm. 

kgm. cm. 1 

cc. 1 


Hegnauer 

-7.4 

6.7 

30 

-43 

- 3.4 

10.1 

296 


Chadwick 

-3.2 

6.6 

30 

-17 

- 1.4 

8.0 

234 


Venn 

-5.0 

11.0 

30 

-29 

- 2.1 

13.1 

384 1 

355 

Rahn. . : 

-4.7 

18.2 

20 

-23 

- 2.1 


595 

572 

Epstein. . 

-14.3 

9.1 

20 

-77 

- 6.2 


450 

373 

Average 

-6.9 

10.3 


-38 

- 3.1 

13.4 

392 

354 


Columns (a) and (b) are measured values when P.B. is applied after swelling of foot due 
to inflation of the cuff to 60 mm. Hg is complete. Column (c) is the pressure of the P.B. 
Column (d) is the product of (a) and 1.05 and the leg/foot ratio from column (c), table 1. 
Column (e) is the product of (d) and the measured distance from the mid-thorax to the 
knee as given in column (b), table 1. Column (f) is (b) minus (e). Column (g) is (f) di- 
vided by an'assumed distance of 34 cm. representing the distance from the mid-thorax to 
the center of gravity of that part of the body between the diaphragm and the top of the 
cuff. Column (h) is the algebraic sum of (d) and (g) and represents the net amount of blood 
displaced from the thorax in the direction of the feet. 


a result of pressure breathing, for, at the onset of P.B. with the cuffs previously 
inflated, the plethysmograph always showed in all our subjects a decrease in 
volume which averaged 6.9 cc. or about 2.2 cc. per liter of leg (table 4, col. (a), 
and fig. 2). IMien the cuff is inflated, the increase of pressure in the central 
veins cannot be transmitted beyond the cuff so that there is no passive increase 
m volume to obscure the decrease which occurs' because of the vasoconstriction.® 
The vasoconstriction outlasts the pressure breathing when the pulmonary 
pressure returns to normal, the lag being about 20 or 30 seconds. This same 


® This is admittedlj’- an assumption. Our attempts to measure the effect of pressure 
. •‘‘bathing on the venous pressure below the cuff have not been technically successful. It 
>s not likely, however, that the venous pressure could rise much above the level of the 
cull pressure without a considerable dilation and decrease in resistance to flow in the vessels 
under the cuff. • 
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vasoconstriction reflex apparentlj'- occurs also when the cuff is not inflated 
because the immediate decrease in volume of the leg at the termination 
of pressure breathing is alwa5’'S greater than the increase in volume at the onset 
of pressure breathing. The difference between these two volumes is usually 
about equal to the decrease in volume due to pressure breathing applied while 
the cuff is inflated. The passive inflation of the leg due to the increased venous 
pressure terminates almost immediatelj’’ after the pulmonary pressure falls to 
normal, and then the vasoconstrictor tone which still persists can cause a further 
temporary decrease in volume before the vasoconstriction disappears and the 
leg volume returns to normal. This reflex decrease in volume'* may possibly 
represent a constriction of the veins which would serv'^e to raise the venous 
pressure to compensate for the increased pulmonaiy pressure. The afferent 
impulses might originate from the auricle or large veins. A constriction of 
arterioles, however, cannot be ruled out as an equally possible explanation. 

From the change in torque obseiA'ed during pressure breathing with the cuff 
inflated (table 4, col. (b)), it is possible to estimate the amount of blood which 
left the thorax under these conditions. To do this it is necessaiy to make allow- 
ance for the calculated change in torque due to the vasoconstriction in the legs. 
This has been done in table 4, and the last column shows that, on the average, 
354 cc. of blood left the thorax and accumulated in the abdomen and buttocks. 
This is in fair agreement with the estimate of 332 cc. which was reached from 
the data of table 2. 

In conclusion, it may be said that the e.xperiments with the cuffs inflated are 
of interest because they demonstrate directly that pressure breathing can still ' 
increase the caudad torque due to displacement of blood toward the feet even 
when movement into the legs is precluded by pneumatic cuffs. This proves 
directly that there is some movement of blood into the abdomen. 

Torque due to pressure hreathmg tvith mid without venous return occluded. Still 
another basis for estimating the amount of blood displaced from the lungs is 
furnished by a comparison of the torques produced by pressure with and without 
the cuffs inflated, i.e., by a comparison of the torques of table 4 with those of 
table 2. The pertinent data are included in table 5. 

It is evident that in all 5 subjects the change in torque is appreciably greater 
when the cuff is not blown up (cf. col. (a) and (b)). These changes in torque 
represent shifts of blood which occur in addition to those shifts due to merety 
blowing up the cuff. They are not complicated, therefore, by removal of blood 
from under the cuff itself.® On the average, the measured change in torque was 
18.4 kgm. cm. without the cuff and only 10.3 kgra. with the cuff. The difference 
is 8.1 kgra. cm., and this must represent the effect of blood displaced from the 

■' A similar decrease in volume might conceivably be produced by a fall in arterial blood 
pressure but our measurements (5) have shown that the blood pressure is increased by 
pressure breathing. 

® More recent experiments by Dr. Vincent dcLalla have shown that a sudden inflation 
of jthe cuffs to a pressure above the systolic level causes an increase in the weight of the 
head-end of the teeter board. This is of the right order of magnitude to be due to cephalad 
displacement of blood under the cuff itself. 
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thorax to the legs below the cuffs. If this distance be taken as 76 cm. as an 
average, then the amount of blood moved is 106 grams or about 6 cc. per liter 
of leg. This figure is in reasonably good agreement with the values measured 
in the plethysmograph, i.e., 13.5 cc. in about 3 liters of foot or 4.5 cc. per hter. 

Suhseguent experiments. After the completion of the original report of this 
work some further experiments of a similar sort were tried, partly by students 
in our physiology course and partlj’’ by Mr. M. Brontman. These experiments 
confirmed the original findings qualitatively so far as the plethysmograph was 
concerned; the teeter-board records were mostly unsatisfactory technically in 
the few cases in which they were attempted. Mr. Brontman listed 19 records 


Table 5. Pressure breathing with and ivithout a cuff on the legs 


SUBJECT 

TOB 

With cuff 

(a) 

IQUE DUE TO 

Without 

cuff 

(b) 

i PB 

Difference 

(c) 

DISTANCE 

(d) 

A BtOOD 1 
BELOW 
CtfEE 1 

(e) 

1 

A BtOOD 
ABOVE CDFP 

(0 

TOTAL 

BLOOD 

PBOM 

THORAX 

fe) 


kgm. cm. 

tgm. cm. 

kem. cm. 

cm. 



gramj 

Hegnauer 

6.7 

24.0 

17.3 

81 

214 

195 

409 

Chadwick 

6.6 1 

10.6 

4.0 

84 

48 

192 

240 

Fenn 

11.0 

20.4 

9.4 

74 

127 

320 

447 

Hahn 

18.2 

25.4 

7.2 

90 

80 

530 

610 

Epstein 

9.1 

11.5 

2.4 

81 

30 

1 

267 

297 

1 

Average 

10.3 

18.4 

8.1 

82 

100 

301 

401 


Column (c) is the difference between columns (a) and (b) and represents the A torque 
due to blood moved from the thorax to the leg below the knee. The mean distance this 
blood presumably moved is shown in column (d) taken from column (f), table 1. Column 
(c) is column (c) divided by column (d) and measures the weight of blood moved from the 
thorax to the legs. Column (f) is column (a) divided by an assumed distance of movement 
of 34 cm. which is a rough estimate of the mean distance from the thorax to the midpoint 
of the abdomen and buttocks, or that part of the body between the diaphragm and the 
cuffs on the legs. This represents the weight of blood moved from the thorax to the ab- 
domen and hips, and explains the torque measured during pressure breathing when blood 
cannot accummulate in the legs because of the inflated cuffs. Column (g) is the sum of 
columns (e) and (f). 

of pressure breathing at 15-20 cm. HsO on 7 different subjects with a cuff on 
the leg above the plethysmograph at a pressure of 30-60 mm. Hg. All of these 
showed vasoconstriction varying from 2 to 50 cc. with an average of 5.5 cc. 
This agrees well with the figure of 6.9 cc. reported in table 4. In this series, 
in most cases a vasoconstriction was also obtained ivithout the pneumatic cuff. 
This would indicate a decrease in volume in spite of the passive dilation expected 
from the increased venous pressure. 

This discrepancy is possibly due to Avinding the cuff too tightly around the 
leg so that it protects the leg from passive dilation even before it is inflated. 
This also may occur when the trousers are rolled up too tightly above the knee. 
In any event all these experiments confirm the existence of a peripheral vaso- 
constriction in the foot when pressure breathing begins. 
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Discussion. These experiments and calculations are onfy approximations, 
but we feel that all important errors and artifacts have been eliminated so that 
the values reported are of the right order of magnitude. Due to errors involved- 
in guessing distances moved, the actual amount of blood displaced may be in 
error by perhaps 25% or more, but, in round numbers, the measurements show 
that in the supine position pressure breathing at 30 cm. of water drives 500-600 
cc. or 8-10% of the blood voluriie out of the lungs, about 3% of the blood volume 
going into the extremities and the remainder into the abdomen. 

According to Best and Taylor (6), the lungs normallj" contain 9% of the blood 
volume during inspiration and 6% during expiration, but Kuno (7) has shown 
that they may contain as much as 20% under special conditions. The supine 
position offers a favorable condition for such an accumulation of blood in the 
lungs, and Cotton (3) has shown that for 20 minutes after assuming this position 
the weight of the cephalic end of the body continues to increase as blood returns 
to the thorax from the legs. The change in torque due to this process which 
Cotton observed in a supine subject after staircase mnning was 32.5 kgm. cm. 
In comparison with this figure, our value of 19.9 kgm. cm. for the change of 
torque due to pressure breathing seems not excessive. If this estimate is correct, 
it seems reasonable to suppose that pressure breathing in the supine position 
at 30 cm. of Avater could displace half of the blood in the lungs or about 10% of 
the total blood volume. 

The vasoconstriction which we have obseiwed by the boot plethysmograph 
in a limb protected from passive volume changes by an inflated cuff affords a 
most objective confirmation of the deduction made from the decreased blood 
flow in the finger which we have reported (2). Wliether this vasoconstriction 
is a prolonged or merely a transient phenomenon coincident with the onset of 
pressure breathing is not determined by these experiments. The technique 
used for this observation is worthy of emphasis because so many vasoconstilctor 
effects of drags or other procedures may likewise be obscured by passive venous 
pressure changes and this offers a ready means of separating these effects. 

SUMMARY 

Simultaneous measurements were made during pressure breathing of the 
increase in volume of the lower leg which Avas enclosed in a plethysmograph and 
of the increase in Aveight of the caudal end of the body as indicated by the change 
in balance of a teeter-board on AA^hich the subject lay supine. From these results 
it may be calculated that an increase of pulraonaiy pressure of 30 cm, of AA'ater 
displaces 500 cc., or about half of the blood contained in the lungs; this represents 
about 8 to 10% of the total blood volume. About 3% of the total blood volume 
goes into the extremities and the remainder into the abdomen. In the standing 
position, there is less blood in the lungs, and the amount AA'hich can be displaced 
by pressure breathing is correspondingly less. 

By the use of a boot plethysmograph it is shoAvn that the onset of pressure 
breathing causes an increase in foot volume due to passive inflation of the Amins. 
If these passive changes are avoided by the previous inflation of a pneumatic 
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cuff at 60 mm. Hg placed on the leg above the plethysmograph then the onset of 
pressure’breathing causes a decrease in the volume of the leg due to vasocon- 
striction. 
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This work to be reported in this paper was done in 1942^ at a time when posi- 
tive pressure breathing (PPB) showed promise of military importance as a means 
of raising the alveolar oxygen tension at high altitudes. Although the results 
are not so complete as might be desired it seems worthwhile to put them on record 
because of the novelt 5 ’^ of the recording method used and the general physiological 
implications of the results, which indicate a vasoconstriction during PPB. 

Method. The finger plethysmograph (fig. lA) consisted of a light brass 
sleeve, b, terminating at one end in a ^-inch tube and fitting loosety at the other 
end over the two distal phalanges of the finger. This sleeve was made airtight 
against the finger by zinc ointment. Volume changes were recorded by a sensi- 
tive optical tambour, c, and were easily calibrated by a syringe connected into 
the system b}’’ a T-tube. In order to recoi-d blood flow by Burton’s method (1) 
a pneumatic cuff, a, was adjusted over the base of the finger. This cuff was in- 
flated suddenly by opening the connection to a 2-liter reseiToir filled with air 
at the desired pressure. Since the pressure in the cuff is not necessarily the 
pressure which is applied to the subcutaneous tissues, the proper pressure was 
selected by trial as the pressure which caused tlhe maximum rate of filling of 
the finger. The cuff was made from a brass tube slightly larger in diameter 
than the finger and about f inch wide (fig. IB). Into a hole through one side 
of this tube was soldered a short piece of brass tube inch in diameter. A 
tube of thin rubber about the diameter of the brass ring was passed through the 
ring and the ends were turned back over the outside of the brass ring on both 
sides and fastened securely with adhesive tape. The annular space between the 
rubber tube and the brass ring could then be inflated through the small side 
tube and so that its pressure was applied to the finger inside. 

In using this apparatus we found that inflation of the cuff produced an artifact 
Avhich appeared as an increase in finger volume even when all blood flow in the 
arm Avas stopped by a pneumatic cuff around the upper arm inflated to a pressure 
aboA’^e the systolic level. For quantitative puiposes therefore it Avas necessarj’’ 
to eAmluate the cuff artifact in this Ava5’' during complete stasis and subtract this * 
correction from all the obseiwed results. In practice Ave used an average of 20 
such determinations. 

* This work was done under a contract recommended by the Committee on Medical 
Research between the Office of Scientific Research and Development and the University of 
Rochester. See Report No. Ill under Committee on .Aviation Medicine, submitted Decem- 
ber 18, 1942. 
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]\Ieasurement of the blood floiv was facilitated and made graphic hj the device 
shown in figure lA. This is essentiallj’- a method of obstructing the recording 
light beam a given interval of time after the pressure is admitted to the cuff so 
that the height of the excursion in the optical record is a direct measure of the 
rate of blood flow, l^^ien the clamp, C, is squeezed this releases the tube, t, 
leading from the pressure reservoir to the finger cuff. At the same time it pulls 
a pin, p, which releases a iveight, w. The iveight sinks slowly in a test tube full 
of oil or water. After falling a fixed distance it exerts tension on a heart lever, 
L, by means of a thread. On the end of the lever is a flag, F, which rises and 
cuts off the recording beam of light. As soon as the light is obstructed, the 
operator releases the cuff pressure, opens the plethysmograph to the air, raises 
the weight and resets the apparatus for another test. These tests can be repeated 



Fig. 1. A. Diagham of the apparatus used for automatic recording of blood flow 
through the finger by the plethysmography method. B. Cross section diagram of the 
pneumatic cuff; a. See te.xt for further details. 


eveiy 15 seconds or oftener if desired. The apparatus ivas usually so adjusted 
that the length of the upstrokes measured the amount of filling which occurred 
during the first few seconds after venous occlusion. The deflections were re- 
corded on a slow dnim (0.9 mm. per sec.). The volume flow per second was 
read from the length of the upstroke (by'^ a calibration table) after deducting the 
value of the cuff artifact. 

During these measurements the subject was seated with the arm resting com- 
fortably on a table at or slightly^ below heart level. Pressure was applied to the 
lungs by a pressure helmet closed at the neck lyy a sponge nibber collar taken 
from a Drinker respirator. A steady flow of air through the helmet avoided 
accumulation of COj. To increase the pressure the outflow from the helmet was 
made to pass tlirough a spring-loaded valve set usually^ for a pres.sure of 30 cm. 
IDO. The pressure helmet was worn throughout the exiieriment. 
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Ordinarily 10 or 12 measurements were taken while the subject was breathing 
under normal pressure, a similar series under positive pulmonary pressure of 30 
cm. H 2 O, and a final series during recoveiy at normal pressure. In some experi- 
ments, rate of flow was also measured with the subject breathing under normal 
pressure but wearing an arm cuff inflated to 25 mm. Hg, in order to compare the 
effects of raised venous pressure per se with the effects of positive pressure breath- 
ing. In these cases, the measurements with arm cuff inflated followed immedi- 
ately after the initial period of normal breathing. Each series required about 
2 minutes, so that only 6 to 10 minutes Avere consumed by an entire experiment 
unless it Avas desired to test the effects of longer exposures to positive intrapul- 
monary pressure. 



Fig. 2. Effect of PiiEssunE breathing on the finger pulse. A. Normal pulmonarj' 
pressure. B. Beginning of pressure breathing at 30 cm. HjO. C. After 5 minutes of pres- 
sure breathing. D. Immediately after return to normal pulmonaiy pressure. Time: 
gaps in record are at 1-second intervals. 


Some of the best results AA'ere obtained AA’hen the arm Avas immersed to the 
elboAv in a Avater bath at 34-35° C. This ensures a considerable and reasonabl}’’ 
constant degree of Amsodilatation. HoAveAmr, most of our measurements Avere 
made at room temperature. Fluctuations in degree of Amsodilatation, due to 
factors other than those AA'hich Avere being studied, probably account for a con- 
siderable proportion of the scatter found in our results. 

Results, a) Volume pulse. As maj^ be seen from the typical record pre- 
sented in figure 2, Amlume pulse is decreased for a few seconds immediately after 
positive pressure breathing begins, but usualty rises again to a Amlue near the 
normal level on continued exposure. Upon returning to normal air pre.ssure, 
the pulse rises above the original normal Amlue for a short time, and then sub- 
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sides gradually. Individuals vaiy considerabty in the degree of response and 
in its time relations, and the same individual maj^ give diverse results on dif- 
ferent occasions. 

b) Rate of blood' flow. A typical record obtained vith the apparatus shown in 
figure 1 is shown in figure 3. Each test consists of a short base-line record fol- 
lowed by a sharp upstroke. Between these tests the record is blank while the 
apparatus was being reset. The exact magnitude of the upstroke varies to some 
extent according to the particular phase of the cardiac or respiratory C 3 mle. 
The record shows no essential change Avhen a cuff pressure of 25 mm. Hg was 
applied to the experimental arm but a shaip and persistent decrease when a 
pressure of 30 cm. HoO Avas applied to the lungs. 



J s o o« per &e.cori^ 


I minuTa 




i 

y 


c 



Fig. 3. Rate of blood flow through finger during pressure breathing. The 
length of the upstroke represents the rate of flow. A. Normal. B. Inflation of pneumatic 
cuff on arm to 25 irun. Hg. C. Pressure breathing at 30 cm. H^O beginning at arrow. D. 
Immediately after return to normal pulmonary pressure. 


The results of 18 experiments are shoAA’n in table 1, For the sake of simplicity 
the data are presented in percentages of the normal at the beginning of each 
experiment. The results can be seen from the aAmrages at the end of the table. 
Positive pressure breathing decreased the blood floAv to 73% of normal Aidth a 
standard deviation of '±17%. Immediatety after the return of pressure to 
normal the blood floAv rises to a mean value of 120% of normal Avith a standard 
deAuation of ±26%. The pressure cuff at 25 mm. Hg or 34 cm. HjO (used in 
the latter half of the table) decreased the blood floAv to onty 88% of normal or 
onty half as much as positwe pulmonaiy pressure, in spite of the fact that the 
cuff increased the venous pressure about tAvicC as much as AA'ould be expected 
from the amount of PPB Avhich Avas used (i.e. 15 cm. IBO or about half the 
pulmonary pressure). It seems evident from this that the decrease in blood 
flow due to PPB AA'as chieflj' due to a Amsoconstriction and onh* to a small extent 
due to an increased A'enous pressure. 
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As indicated in table 1, two experiments were tried in which the PPB was 
continued for 5 to 7 minutes during which time the blood flow showed no signs 
of returning to its normal value. With lower pulmonaiy pressures or in a differ- 
ent individual some recovei^’’ might occur as suggested by the recover}’’ of the 


Table 1. Comparison of peripheral flow under locally increased venous pressure and during 

positive pressure breathing (PPB) 


SUBJECT 

DATE 

BLOOD FLOW, IN PER CENT OF NORMAL BEFORE PPB 

Pulmonaiy pressure 
normal rvith 
arm cuff 25 mm. Hg 

Pulmonarj' pressure 
4*30 cm. HjO 

Pulmonaiy pressure 
normal (recover>-) 

tv. 0 . F. 

11-13-42 


82 

123 


11-13-42 


58 

93 


11-13-42 


94 

125 


11-18-42 


51 

74 


11-23-42 


54 

123 

W.D. 

11-18-42 


83 

112 

L. E. C. 

! 11-17-42 


79 

114 


ll-lS-42 


96 

123 


12- 3-42 


86(74)» 

106 


12- 3-42 


73(70)1 

119 

W. 0. F. 

11-22-42 

90= 

1 

71 

116 

H. R. 

11-27-42 

64 1 

i 

oO 

101 

L. E. C. 

11-25-42 

130 

64< 

168 


11-27-42 

59 

6H 

129 


11-27-42 

87* 

561 

IIS 


11-30-42 

91 

57 

82 


12- 1-42 

81 

94 

163 


12- 1-42 

105 

100 

170 

Mean. 


88 

73 

120 

Standard deviation. 

±23 

±17 

±26 

X. 


8 

18 

18 


‘ Later readings after 5-7 minutes of pressure breathing. 

= Arm cuff inflated to 20 mm. Hg. 

^ Arm cuff inflated to 30 mm. Hg. 

■* Pulmonar}’^ pressure -f-35 cm. H^O. 

volume pulse shown in figure 2. Occasional records have shown some recovery 
even during the first two minutes of PPB but on the whole this is not typical 
of our series. 

Discussiox. The occurrence of a vasoconstriction in the fingers during pres- 
sure breathing is not suiprising since a similar reflex is known to result from a 
single deep inspiration (2, 3). It might be supposed that this results merely 
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from the expansion of the chest which is common to both PB and inspiration 
but vasoconstriction has been found to occur in so many respiratory acts (4) 
that this conclusion is not yet warranted. A diminution in the pulse volume 
Avith pressure breathing Avas observed by Barach et al. (5), by palpation, and a 
transient skin cooling Avas reported by Bateman and Sheard (6). Further data 
from our laboratory likeAA'ise demonstrate a clear Amsoconstriction by a boot 
plethysmograph method (8) and bj’^ skin cooling (to be published) . Other related 
obsenmtions are recorded in a recent suiwey of the subject of pressure breath- 
ing (7). 


SUMMARY 

A method is described by Avhich the rate of blood floAv through the finger can 
be recorded optically every 15 seconds. It is shoAvn that positive pressure 
breathing results in a decrease in the Amlume of the finger pulse and a decrease 
in the rate of blood flou'. 

We Avish to express our indebtedness to our colleagues Drs. Hermann Eahn 
and Arthur B. Otis Avho Avere closety associated A\fith us in this Avork. 
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A precise description of the relationship between the tension of oxygon in 
alveolar air and arterial blood has not been possible because of disagreement con- 
cerning methods of collecting alveolar air (1-6) and, until recently, the lack of a 
suitable technique for direct measurement of arterial blood oxygen tension. It 
has been demonstrated (7-11) and generallj'- accepted (12, 13) that a state of 
equilibrium exists bet^veen carbon dio.xide tension in alveolar air and arterial 
blood at rest and during exercise. Therefore, when the carbon dioxide tension of 
simultaneously collected alveolar air and arterial blood samples is the same, the 
alveolar air sample represents the composition of mean alveolar air. ' This fact 
and the recent introduction of methods for direct determination of oxygen (14) 
and oxygen and carbon dioxide tensions (15) in arterial blood have made it 
possible to compare the level of o.xygen and carbon dioxide in alveolar and arterial 
blood under different ph 3 '-siological conditions. 

The studies herein reported were undertaken late in 1945 on normal individuals 
to compare with similar observations previously reported in individuals who had 
been exposed to phosgene (16, 17). 

AIethods, Subjects: Nine healthj^ soldiers between the ages of 19 and 25 
volunteered for the stud 3 ^ 

Experimental conditions. Studies at rest were carried out two hours after 
breakfast and after a SO-minute rest in bed with one pillow. With nose clip and 
mouth piece in place, the subject inspired room air. Expired air was collected 
in a lOO'liter spirometer. The rate and volume of respiration were recorded 
graphically on an ink drum. An alveolar air sample w'as collected at the end of 
expiration in an evacuated mercury bottle toward the end of arterial blood with- 
drawal. The accuracj' of the timing of collection of the alveolar air sample rvas 
verified bj’’ the graphic record of respiration. Arterial blood was drawn anaero- 
bically from the femoral artery under 2% procaine anesthesia into a sj’ringe wet 
with heparin. 

Exercise was performed on a biejmie ergometer and continued for 30 seconds 
after the subject indicated the onset of definite shortness of breath. The work 
was at an intensity of from 600 to about 1200 kgm/min. and lasted about 2 to 12 
mimrtes. At the end of work the subject was given the command to dismount 
the bicycle and place himself in bed with his head resting on one pillow. With- 

^ Present address: Researeli Service, Third New York University Medical Division, 
Goldwatcr Memorial Hospital, Welfare Island, New York, N. Y. 

276 



Al/VEOLAK Oj AXD CO* TENSIONS IN MAN 


277 


drawal of arterial blood was begun prompt^ from the right femoral arterj- as 
during rest and was generally completed within 45 seconds to one minute after 
the end of exercise. Expired air was collected in a spirometer during the last 30 
seconds of exercise and during the period of blood withdrawal. The rate and 
volume of respiration were recorded graphically during the last 30 seconds of 
exercise and until the end of blood withdrawal. Alveolar air was collected in an 
evacuated mercury bottle at the height of inspiration toward the end of blood 
withdrawal. The accuracy of the timing of collection of the alveolar air sample 
was verified by the graphic record of respii'ation. 

Analytical techniques. Twent}* cc. of blood were drawn through a short 
beveled 2-inch long, 19-gauge needle into a luer-lok syringe wet with a standard 
heparin solution (Hynson, Westcott and Dunning) sufficient to eliminate its 
dead space. This amount of blood permitted duplicate analyses in all instances. 

As soon as the blood was withdrawn about 12 cc. were promptly transferred to 
a tube with a constricted neck, filled with heavj'^ mineral oil and surrounded by 
ice, for estimation of serum pH and carbon dioxide content. The remaining 
portion' of blood Avas used for determination of carbon dioxide and oxygen 
tensions. The pH and the CO* content of serum AA-ere determined promptly by 
one individual, and pOi (oxygen tension) and pCO* (carbon dioxide tension) of 
arterial blood by another. Gas samples Avere analyzed later. 

The pH determinations A\'ere made on serum at room temperature Avith a 
glass-sealed electrode (Cambridge Instrument Company). The reproducibility 
in duplicate analyses is 0.01 pH units. The standardization of the electrode Avas 
carried out in tAA'o AA'ays. At the start of the study it Avas done empirically by 
repeated measurements on plasma from blood equilibrated at 37°C. AA'ith gas of 
knoAA'n partial pressure of carbon dioxide (18). Later on it Avas carried out 
according to the method of Van Slyke el al. (19). 

The CO 2 content of scrum Avas determined on 1 cc. of serum (20). Calculation 
of pCO*Avas accomplished on the normogram based on the Henderson-Hasselbach 
equation from a knoAvledge of pH and CO* content of scrum (21). Direct 
measurements of PO 2 and PCO 2 in blood Avere made according to the method of 
Riley (15). Alveolar air and expired air samples Avere analyzed in duplicate for 
carbon dioxide and oxygen content in the Henderson-Haldane apparatus. 

Results. pCOi in alveolar air and arterial blood. In 9 observations on 9" 
subjects at rest the range of alveolar air pCO* Avas 40 to 44 mm. Hg, and of 
arterial blood 35 to 47 mm. Hg by the direct method and 40 to 46 mm. Hg bj" 
the calculated method. The mean ah^eolar air pCO* Avas 41 mm. Hg, and in 
arterial blood 42 mm. Hg by the direct method and 44 mm. Hg by the calculated 
method. After exercise the range of alveolar air pCO* in 11 observations in 
these subjects Avas 33 to 54 mm. Hg, and in arterial blood 30 to 53 mm. Hg by 
the direct method and 33 to 52 mm. Hg by the calculated method. The mean 
ah'eolar air pCO* AA'as 44 mm. Hg, and in arter'al blood 41 mm. Hg by the direct 
method and 41 mm. Hg by the calculated method. 

pO* in alveolar air arid arterial blood. At rest the range of aReolar air PO 2 in 
9 observLations in 9 subjects Avas 89 to 103 mm. Hg and of arterial blood 87 to 
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102 mm. Hg. The mean alveolar air pO- was 98 mm. Hg and arterial blood 97 
mm. Hg. After exercise the range of alveolar air pOj was 98 to 123 mm. Hg 
and of arterial blood 92 to 118 mm. Hg. The mean level of alveolar air pOj was 
115 mm. Hg and of arterial blood 110 mm. Hg. 

Discussion. Since the direct method for estimating pCOo in arterial blood 
had onlj'' recently been introduced and was new in our hands, the results were 


Table 1. Summary oj Observations 


SUB- 

JECT 

1 

STATE 

ALVE-i 
1 gear I 
AIR ' 

p02 

ARTE- 

RIAL 

BLOOD 

pOs 

1 

ALVE- 

OLAR 

AIR 

pCOs 

' 

arterial 
BLOOD pCOs 

SERUil 

WORK 

PER 

MIK- 

ute 

DURA- 

TION' 

OF 

WORK 

VOLUME OF AIR BREATHED 

Oi 

CON- 

SUilP- 

TION* 

CO 2 

■ OUTPUT 

Di- 

rect 

Cal- 

cu- 

lated 

1 

CO 2 

Con- 

tent 

pH 

Rest 

Work 

Recovery 


last 

JO see. 

U 

u 

X/i 

(j 

•w tJ 

c ^ 

00 

01 


1 

i millitncters oj mercxiry ' 

Ml. 7c 


tgm. 

fttifi' 

u/cs 


lilcrs/minulc' 

lilers/mimile- 

1 

R 

97 

94 

42 

44 

43 

02.3 

7.44 








1 


E 

113 

103 ! 

43 

40 

41 1 

40.4 

7.34 

■Ml 

2.25 


41.0 

40.0 

48.8 

IIQIJ 



E 

122 

Ill 

42 

33 

39 1 

45.1 

7.32 

1245 

3 . 0 s 


52.0 

48.4 

45.8 



0 

R 

98 

99 

40 

40 

41 

Gl.O 

7.44 










E 

117 

112 

39 

39 

37 

51.0 

7.41 


12.17 


50.4 

46.2 

43.2 

1.580 

1.640 

3 

R 

89 

87 

41 

35 

43 

57,1 

7.39 

1 

1 









100 

100 


41 

40 

58.0 

7.36 



7.3 





0.240 



110 

108 

48 

45 

39 

48.5 

7.35 

1245 1 

5.50 


48.8 

48.0 


l.CSO 

1.S35 

4 

R 

103 

101 

40 

41 

43 

02.4 

7.43 



12.0 

i 



0.425 

0.406 


E 

119 

lie 

45 

1 

41 

40 

41.3 

7.27 


5.58 

i 

59.2 

44.4 

46.8 

1.810 

2.070 

5 

R 

92 

95 

44 

47 

40 

02. G 

i 7.41 



5.4 

1 


i 

0.253 

0.215 


E 

98 

92 

54 

53 

52 

53.4 

' 7.2-! 

1 

020 



30.2 

29.0 

26.4 

1.340 

1.380 

G 

R 

100 

101 

41 

40 

40 

57.0 

7.30 


1 

1 

8.0 




ill 

0.232 


E 

119 

118 

40 

33 

30 

41. C 

7.32 

1245 

Mila' 


51.2 

51.2- 

49.4 

K ! 9 

1.750 


E 

123 

117 

33 

30 

33 

32.5 

7.23 

1245 

3 . 58 


4G.0 

43.6 

36.2 

K i 9 

1 H 

1.525 

7 

R 

103 

102 

40 

40 

44 

50.5 

7.38 










E i 

122 

117 i 

43 

40 

41 

42.1 

7.26 

1245 



40.4 

41.8 


1.510 

1.775 

8 

R 

9G 

94 

43 

41 

40 

G2.S 

7.47 



8.0 




0.290 

0.248 


E 

111 

104 

48 

47 

45 

4G.1 

7.26 

1245 

3.58 


56.8 

59.2 

m 


2.200 

9 

R 

99 

9C 

44 

44 

45 

G2.0 

7.42 



8.4 



1 

0.306 

0.278 


E 

112 

112 

47 

49 

44 

45.0 

7.27 

620 

5.75 


29.0 

26.8 


1.142 

1.210 


* Volumes at 37® C. and pievailing barometric pressure. 

* Calculated as dry gas at 0® C., 760 mm. Hg, and based on analysis of expired air collected during the last 30 sec- 
onds of work and fiist minute of recover^'. 

R, resting; E, exercise. All observations ■were made between 4 Dec. 1945 and 30 Jan. 1946. 


checked by the well-established indirect method for calculating arterial blood 
pCOo based on the Henderson-Hasselbach equation (21). At rest the mean 
alveolar air and arterial blood pCOi determined by both the direct and indirect 
methods were essentiallj’' the same (table 1). After exercise the mean alveolar 
air PCO 2 exceeded that of arterial blood by 3 mm. Hg. This difference may have 
been due to slight delay in collection of alveolar air samples in some instances. 
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The close agreement between alveolar air and arterial blood PCO 2 at rest and 
after exercise is consistent with some previous obseiwations (7-11). It indicates 
that representative mean alveolar air samples were collected. 

The average value of arterial blood pCO? reported bj" Riley el al. (23)= using 
the same direct method of analysis is approximately 4 mm. Hg less at rest than 
observed in this group but is the same during exercise of about the same in- 
tensity. In their studies the average carbon dioxide tension of end-inspiratory 
alveolar air at rest was 4.4 mm. Hg and during exercise 12.7 mm. Hg greater than 
in arterial blood (22). 

As was pointed out previously comparisons of arterial blood and alveolar 
air PCO 2 were made in the same samples in which oxygen tensions were compared, 
so as to have a check on whether or not representative samples of mean alveolar 
air were collected. It will be noted (table 1) that there was consistently close 
agreement between alveolar air p 02 and arterial blood PO 2 at rest and to a lesser 
degree after exercise. The range of pOo in alveolar air at rest was 89 to 103 mm. 
Hg and in arterial blood it was 87 to 102 mm. Hg. The mean value of alveolar 
air PO 2 was 98 mm. Hg, 1 mm. greater than that of arterial blood. Some pre- 
vious studies have indicated that alveolar air pO? exceeds arterial blood pOo by 
5 to 25 mm. Hg (24). In a recent study in which an improved method for the 
direct determination of arterial blood PO 2 was used, the average value of arterial 
blood and end-expiratoiy alveolar air PO 2 in young, healthy subjects at rest in a 
semi-recumbent position was essentially the same (97.1 mm. Hg and 97.4 mm. 
Hg, respectively) (14). The mean level of 97 mm. Hg in the group reported in 
this study agrees with the average arterial blood pO" of 97 mm. Hg reported re- 
cently in healthy subjects (25, 26). These were based on determinations of 
arterial blood-ox 3 '’gen saturation. 

Rilej^ et al. obtained inconsistent values for PO 2 and PCO 2 in end-inspiratory 
alveolar air samples collected by the Haldane-Priestley method at rest and during 
exercise (22). Tiiej'' believe that representative samples of alveolar air are not 
drawn bj’’ this method. In an attempt to avoid the short-comings of the 
Haldane-Priestlej'' method these authors calculate the mean effective alveolar air 
p 02 bj”- an indirect method based on the following equation (22) : 


alveolar p02 = tracheal p02 X 


% expired 
% inspired K 2 / 


arterial PCO 2 
e.xpiredaii’RQ 


The concept of mean effective alveolar air gas tension has much to commend it. 
The equation used involves two assumptions; a) mean arterial blood PCO 2 equals 
mean alveolar air pC02 and b) respiratorj’" quotient, RQ, based on analysis of 
expired air equals alveolar air (RQ). The first assumption is supported bj'’ pre- 
vious observations (7-11). There is much dispute about the validity of the 


- The arterial blood-tension determinations by the direct method involve -H 2 mm. Hg 
CO* and — 3 mm. Hg O* corrections. These are based on comparisons with tonometer 
blood-gas equilibration studies. Preliminary comparisons with tonomotric standards and 
the results of determinations by the indirect method for calculating pCO: did not indicate 
to us the need for such corrections. 
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second assumption at rest, during exercise and deep breathing (1-G, 27-30). The 
proponents of the opposing view maintain that the expired air RQ is always 
greater than that of the alveolar air (1, 28, 29, 30). 

In comparing alveolar air pOi with the mean level of arterial blood pOj immedi- 
ately after exercise or during rest, proper timing of the collection of the samples, 
consistency of the pattern of respiration and circulatoiy rate, in addition to the 
accuracy of the methods of gas and blood analysis, influence the validity of such 
a comparison. With little training the subjects were able to deliver alveolar air 
samples as required either at the end of expiration, at rest, or at the end of 
inspiration, after exercise. The accuracy of timing the collection of the alveolar 
air sample was checked carefulty bj"^ the graphic record of respiration in each 
instance. The respiratoiy records indicated that the pattern of respiration was 
quite uniform at rest and during exercise and that after exercise the respiratoiy 
minute volume did not fall off significantly during the first and second 30-second 
periods after exercise while arterial blood was being drawn (table 1). However, 
the subjects were not in a steady state; O 2 consumption may have been decreasing 
and CO 2 production by metabolic processes decreasing also. If so, the fact that 
respiratory volume was maintained would imply either changes in composition 
of expired air and of alveolar air, of blowing off body reserves of CO 2 or both. 

Data on the state of the circulation were not collected during these experi- 
ments. However, the close agreement between alveolar air and arterial blood 
pOo and PCO 2 at rest and during the first minute after moderate exercise indicates 
that the integration of respiration and circulation was good in these healthy 
subjects. 


SUMMARY 

At rest oxygen and carbon dioxide tensions of arterial blood determined by the 
direct method of Riley in 9 healthy subjects were essentially the same as in simul- 
taneously collected alveolar air samples. The mean level of alveolar air oxj’^gen 
tension was 98 mm. Hg, of arterial blood 97 mm. Hg. The mean level of carbon 
dioxide tension was 42 mm. Hg in arterial blood and 41 mm. Hg in alveolar air. 

After moderate exercise, the mean value of oxygen and carbon dioxide tension 
in alveolar air was 115 and 44 mm. Hg, respectivelj'-, and in arterial blood 110 
and 41 mm. Hg. 

There was close agreement between arterial blood carbon dioxide tension 
measured by the direct (RilejO and indii'ect (based on Henderson-Hasselbach 
equation) methods at rest and after exercise. 

Private Arthur Michalek assisted in carrying out some of the experiments. 
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The time required for injected substances to mix with the entire blood volume 
must be known if the distribution volumes of these substances are to be in- 
terpreted. If material is injected rapidl}’’, it enters the circulation as a short 
column practically unmixed with blood. Mixing is accomplished largely bj’' the 
division of this column in vascular circuits Avith different circulation times and 
the subsequent combination of the fractions with new volumes of blood at vas- 
cular confluences. Large oscillations are obserAmd in the concentration of the 
injected material in arterial blood until the material is homogeneousl}’- distributed 
in the blood Avhich circulates through the heart, lungs and larger vessels (1, 2). 
Disappearance of such oscillations does not necessarily mean, however, that the 
injected substance is now distributed homogeneously through the entii’e blood 
volume. As Erlanger has pointed out (3), mixing Avith the entire Amlume of 
blood cannot be complete until the sloAvest Amscular circuit has been traAmrsed • 
at least once. If an appreciable Amlume of blood is contained in Amry sluggish 
channels, material should disappear from the central, rapidly moAung circulation 
into Avhich it is injected, until the sIoav circuits return as much of the material 
as thej’- receive. An initial disappearance phase of this sort should be demonstra- 
ble in any blood draAvn for sampling, since the rapidly moving blood is dispro- 
portionately represented in samples draAAm from any part of the Amscular system. 

On the basis of these criteria, the mixing time for injected red cells appears 
to be of the order of 2 to 4 minutes. After injecting cells tagged AA'ith P^-, Hahn 
and Hevesy (4) found that the circulating red ceU radioacthdty remained con- 
stant after 2J minutes in the rabbit. The maximum time for mixing of cells 
tagged AAuth radio-iron in the dog appears to be about 4 minutes (5). 

In the case of plasma soluble substances, application of these criteria to the 
study of circulatory mixing is complicated by the fact that such substances do 
not remain within the blood Amscular system. There is thus no achieA’-ement of 
constant plasma concentration to mark the end of the mixing period . Regardless 
of the nature of the plasma solute AA'hich is injected, its concentration in plasma 
continues to decline, long after the most extraAmgant alloAvance for mixing, to 
complete disappearance. For most of these substances, the rate of disappearance 
is usually excessiAm for the first 5 to 25 minutes. The assumption that mixing 

^ Presented in part at the meeting of the American Physiological Societj--, Chicago, IMay 
18-22, 1947. 
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■with slowly moving peripheral plasma is solely responsible for the excessive 
early disappearance rate has not been vertified experimentally. Some escape 
from the blood vascular system during this initial period has been demonstrated 
for all of the dyes which have been used for measuring plasma volume. The 
dye T-1824 appears in thoracic duct lymph in detectable concentrations -within 
15 minutes (6). Smith (7) found the dye brilliant vital red in cervical lymph 
within 2 to 3 minutes. T-1824 appears quickly in bile (8), and all the dyes are 
taken up rapidly by the reticulo-endothelial cells (9). Only if these processes 
remove dye from plasma at a constant rate is it permissible to ascribe the excess 
rate of disappearance during the initial period to plasma mixing. 

In the present studies on circulatory mixing, relatively large volumes Avere 
injected, necessitating rather elaborate controls on the effect of the procedures 
themselves on mixing time. An additional control is afforded by the similarity 
of the cell-mixing time found Avith our large volume injections, and the time 
found by other Avorkers for smaller Amlumes of tagged cells. 

Methods. Dogs, splenectomized soon after the induction of barbital anes- 
thesia, and under anesthesia for at least 3 hours, AA'ere used in all the studies. 

Cell mixing Avas studied bj'^ injecting cell concentrates in sufficient volume to 
produce a 15 to 35% increase in the circulating hematocrit and folloAAung the 
change in hematocrit thereafter. The cell concentrates Avere freshly prepared 
by centrifuging heparinized dog blood to an hematocrit in the neighborhood of 
90%. They AA'ere injected in a volume of approximately 10 cc/kgm., as rapidly 
as possible, through a AA-ide cannula tied in a femoral vein. Usually from 10 to 
20 seconds AA'ere required for the injection, and time AA'as counted from its com- 
pletion. F or sampling the circulating hematocrit, the brachial artery AA'as cannu- 
lated distal to the origin of the profunda brachii. Blood Avas drawn through 
needle tubing directly into Wintrobe tubes containing measured amounts of 
oxalate solution. Before draAA’ing each sample, the system AA'as cleared by 
bleeding about 0.5 cc., AA’hich AA'as approximate^' double the amount required. 
The samples AA'ere centrifuged for one hour at 2600 r.p.m. in a radius of 20 cm. 
After deducting the A’olume of oxalate solution present in each tube, the hemato- 
crits AA'ere calculated as 0.92 times the obserA'ed reading in order to correct for 
trapped plasma (10). Hematocrit data AA'ere recorded as the ratio cells: total 
A'olume in the samples. 

The mixing of injected plasma AA'ith the circulating cells AA’as studied b 3 ' fol- 
loAA’ing the change in hematocrit AA'ith the time after the injection of approxi- 
mateb' 10 cc/kgm. of plasma. In order to studj' the mixing of injected plasma 
AA'ith circulating plasma, one or the other AA'as tagged bj' the addition to it of the 
dj'e T-1824. Samples for plasma dA'e concentration AA'ere draAA'n from the bra- 
chial artery either just before or just after the hematocrit samples. About 2 cc. 
of blood AA'ere draAA’n for each d.A'e determination into tubes containing dried 
oxalate. The plasma obtained bj' centrifuging Avas diluted 1:11 AA'ith a 0.9% 
XaCl solution, and its optical densitA' in this dilution read against an undj'ed 
plasma reference at 620 m^ in a Coleman spectrophotometer. For the present 
purposes conversion of the optical densities to dA'e concentrations is not necessarA'. 
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Autogenous heparinized plasma was used in all the plasma injections. This 
was obtained by bleeding the experimental dog soon after the induction of anes- 
thesia and transfusing with blood from a donor animal. In vitro mixtures of 
such plasma with plasma drawn 3 or more hours later, in the presence of d5’’e, 
gave optical densities which were in good agreement with the expected values. 
Such agreement was not alwaj's obtained when the plasmas of 2 different animals 
were mixed. 

In about half the exi^eriments of each tj''pe, c.xpansion of the blood volume bj’’ 
the injection was prevented by withdrawing an equal volume of blood immedi- 
ately before starting the injection. Blood was draAvn for this purpose as rapidl}" 
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Fig. 1. A. Dye concetitralions and hematocrits following injection of dyed cell suspension. 
Intravenous injection at time 0 of SO cc. cell concentrate containing 10 mgm. T-1824. Con- 
trol hematocrits average 0,375 (not shown in figure). Line drawn through post-injection 
hematocrits at average value 0.496 (antilog.). Dye concentration given as optical densitj’ 
against undyed plasma reference. Semilogarilhmic plot for both optical densitj' and hema- 
tocrit. 

B. Consecutive injections of 10 mgm. dye {upper curve) and 100 cc. cell concentrate (lower 
curve). Construction of figure as in A. Average hematocrit before cell concentrate in- 
jection equals 0.481, after injection equals 0.537 (antilogs,). 


as possible through a large bleeding cannula in the femoral arterj'. In this 
modification, the bleeding and subsequent injection occupied less than one 
minute, and time tvas counted from the end of the injection. 

Results. Representative data on cell mixing are shovm in figure 1. In 
experiment A of the figure, dj’^e was added to the cell concentrate before in- 
jection in order to obtain simultaneou.s disappearance curv'es for dye and cells. 
It is apparent from the figure that the two ciuves are totallj’' dissimilar, and that 
the rapid disappearance of djm from arterial blood is unaccompanied bj- any 
similar disappearance of the injected cells. Since the arterial hematocrit was 
increased about 32% by the injection in this e.xperiment, a progressively de- 
clining hematocrit should have been detectable throughout the mixing period 
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o£ the injected cells. In experiment B the dye and the cells were injected sepa- 
rately, the dye in 10 cc. of solution, in order to make sure that the optical density 
readings were due to dye alone. 

Arterial hematocrits have been taken at one-minute intervals in 11 experiments 
following injection of cell concentrates. In 6 of these, mixing appears to have 
been complete within one minute, since the one-minute hematocrit and those 
immediately following showed no excessive deviation from the post-injection 
mean, and no progressive change in hematocrit could be detected. In 2 experi- 
ments there appear to be cell-mixing periods of 2 and 3 minutes, respectively. 
In the remaining 3 experiments there was a progressive rise in the hematocrit 
lasting for 3 minutes. In 10 additional experiments hematocrits have been 
taken at 3-minute intervals following the injection of cell concentrates, and in 
none of these is the first value high. The present criteria accordingly show a 
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Fig. 2, Dye conccntralions and heinatocrits following injection of dyed ■plasma, latra- 
venous injection at time 0 of 100 cc. plasma containing 10 mgm. T-1824. Semilogarithmic 
plot of subsequent hematocrits (lower curve) and plasma dye concentrations as optical 
density (upper curve). Pre-injection hematocrits averaged 0.412, post-injection values at 
2 to 9 minutes averaged 0.371 (antilogs.). 
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maximum cell-mixing period of 3 minutes, in a series of 21 experiments. It has 
not been possible to detect any difference in the experiments in which the in- 
jection was preceded by bleeding. 

Figure 2 shows the rate of djm disappearance from arterial blood, following 
the injection of dyed plasma, as compared with the apparent rate of disappear- 
ance of the injected plasma. If the excessive disappearance of dye during the 
first 15 minutes in this experiment is due to loss of the injected dyed plasma to 
peripheral vascular circuits, a progressive rise in the arterial hematocrit might 
be expected during this period. No such rise can be seen beyond the second 
minute. If dyed plasma was lost thereafter, the hematocrit data suggest, ac- 
coidingly, that -the plasma must have carried cells with it in the same ratio of 
cellstplasma as exist in the central circulation. A total of 14 experiments of 
this type have been done, half of them with a bleeding preceding the dyed plasma 
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injection. In addition, hematocrit data have been obtained in 19 experiments 
after the injection of undyed plasma. In the entire series of 33 plasma injections, 
the longest progressive^'’ rising hematocrit cunm lasted for 5 minutes (one ani- 
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Fig. 3. A. Dye concentrations following injection of dyed plasma (tipper curve, A-1) and 
aqueous dye solution (lower curve, A-2) in same animal. Dyed plasma injected in volume 
of 100 cc., containing 3.5 mgm. T-1S24, immediately preceded by 100 cc. bleeding. Aqueous 
dye solution given one hour later, volume 10 cc., containing 10 mgm. dye. Semilogarithmic 
plot both curves. Dye concentrations as optical densit}'. 

B. Dye concentrations following injection of undyed plasma (upper curre, B-2), in dyed 
animal. Lower curve, B-1, shows injection of 20 mgm. dye in 20 cc. aqueous solution, 
hours earlier (last 30 minutes of curve not plotted). Plasma injected in volume of 90 cc., 
preceded by bleeding of equal volume. Construction of figure as in A . 



MINUTES FROM BLEEDING -REINJECTION 

Fig. 4. The effect of bleeding and reinjection on the rate of dye disappearance from arterial 
plasma. Twenty mgm. of dye were injected at minus sixty minutes. At minus one minute 
approximately 10 cc.kgm. of blood were withdrawn from an artery into an heparinized 
syringe, and at time 0 this blood was reinjected into a vein. Da'c concentrations are plotted 
semilogarithmically as optical densities for 40 minutes before and after the bleeding and 
reinjection. 

mal). In over half the experiments, such a curve was either absent from the 
data or terminated Avithin 2 minutes. The average duration of the curve Avas 
somewhat longer, in this series, for the injections not preceded by bleeding. 
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Figure 3 s1io%ys the similarity of the disappearance curves for dye when in- 
jected as a large volume of dyed plasma and as a small volume of saline solution 
and the total dissimilarity of the cunm obtained when undyed plasma is injected 
into a dyed animal. If peripheral plasma is dyed by injecting dye into an animal 
and allowing an hour or more to pass for thorough circulatory mixing, a subse- 
quent injection of undyed plasma should produce a typical mixing curve recog- 
nizable as a progressive increase in arterial dye concentration. If the excessive 
fall in arterial dye concentration following dye injection is due to loss of dyed 
plasma in the sluggish peripheral circuits, there should be an equivalent period 
of rising dye concentration following undyed plasma injection, due to dye gain 
from these same circuits. Curve B-2 in figure 3 offers no suggestion of such 
reversed mixing. Since cuiwe A-1 for dyed plasma and cuiwe B-2 for undyed 
plasma Avere obtained under identical experimental conditions, they should 
present similar features, in opposite sign, if plasma mixing is a limiting factor. 
Undyed plasma has been injected into dyed animals in 19 experiments of this 
sort. In 12 of these, the injection was preceded by bleeding. In most of the 
latter, the data resemble cuiwe B-2 of the figure, i.e., no cun'^e of rising optical 
density can be made out if the first sample is drawn at one minute. Such cuiwes 
could usually be recognized if the bleeding Avas omitted. The longest duration 
observed in either type of experiment Avas 5 minutes. 

Discussion. We are unable to reconcile these data Avith the belief that the 
excessive disappearance of injected dye from arterial blood during the first 5 to 
20 minutes represents movement of dyed plasma from the central to the pe- 
ripheral circuits. No such movement of undyed plasma can be demonstrated. 
Undyed plasma, using the same criteria as are applied to dyed plasma, appears 
to mix completely AAUthin a maximum of 6 minutes, usually much less. The 
mixing time for injected plasma thus appears to be not much, if any, longer than 
the mixing time for injected cells. The mixing time for injected plasma as ob- 
tained from the rising arterial hematocrits, and from the rising plasma densities 
in the undyed plasma injections, appears to be the same. The average plasma 
mixing time is about 2 minutes, Avith a maximum of 5 minutes, in both types of 
experiment. The hematocrit data in the plasma injection experiments shoAv 
differential plasma loss from the central circulation. Since they are in good 
agreement with the optical density data, it seems likely that they shoAv total 
plasma loss as well. 

Since the source of errors in the hematocrit and the optical density data are 
not the same, agreement betAveen the tAvo data is evidence of the reliability of 
both. The possibility that our procedures introduce sj'^stematic masking errors 
in the form of peripheral trapping, or a change in the rate of dye disappearance, 
has been further examined in blank control experiments. In some of these, 
undyed animals AA’ere subjected to bleeding and injection of undyed plasma. 
Plasma optical densities, read at one-minute interA’^als thereafter, showed no 
deA'iation from the pre-injection A'alues. In other control experiments, animals 
Avere injected Avith dye and alloAA’ed to remain undisturbed for periods of If to 2 
hours in order to achieA’e a more-or-less constant rate of dye disappearance (11). 
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A blank bleeding and injection was then done by withdrawing approximate!}'- 
10 cc/kgm. of blood from an arteiy into heparinized syi'inges and reinjecting at 
the end of one minute into a vein. Figure 4 shows the type of data obtained in 
such control experiments. The post-injection dye concentrations show neither 
an excessive deviation nor a change in the rate of dye disappearance. 

The present data suggest not only that the excessive early disappearance of dye 
is the result of dye-loss from the circulation; the absence of dye-retum follo-\ving 
undyed plasma injection must mean either that the loss is irreversible or veiy 
slowly reversed. Comparison of the rate of dye disappearance before and after 
undyed plasma injection in figure 3B shows a reduction in the rate after the 
plasma injection. This phenomenon, which could mean slow return of dye to 
the central circulation, has another explanation which is given elsewhere (11). 

Since circulatory mixing of injected plasma solute appears to require up to 5 
minutes in exceptional cases with our large volume injections, it would be im- 
portant to know the maximum mixing time for the usual small volume of injected 
dye. Withdrawal of a fairly large volume of blood, and replacement with an 
equally lai'ge volume of d 5 md plasma, might be expected to shorten the mixing 
time to a minimum. The period of initial rapid dye disappearance, however, 
does not appear to bo consistently different under these conditions and under the 
conditions of the usual dye injection (see fig. 3A). The magnitude of dye loss 
during this period, measured as the difference between the first observed con- 
centration and the exponential extrapolation at the sarnc time, seems to be quite 
variable, in contrast Avith the duration of the phase of early disappearance, Avhich 
varies from animal to animal, but is influenced relatively little by a change in 
conditions. In some animals, the magnitude of the early loss appears in our 
experiments to be greater with conventional dye injections, in others with dyed 
plasma injections. Nor has it been possible to establish a consistent difference 
in the magnitude of the loss on first and subsequent dye injections. 

SUMMARY 

The circulatory mixing of cells, plasma and solutions of the dye T-1824 Avas ’ 
studied in barbitalized dogs folloAving rapid intravenous injection of cell con- 
centrates, dyed and undyed plasma and aqueous dye solutions. As shoAvn by 
progressive changes in the arterial hematocrit folloA\-ing the injection, the mixing 
time for both injected cells and injected plasma Avas usually less than 3 minutes 
and never longer than 5 minutes. 

More crucial data on the mixing of injected plasma AAuthin the entire plasma 
compartment Avere obtained by injecting undyed plasma into dogs Avhich had 
been previously injected Avith dye. The duration of the mixing period, as shoAA’n 
by a rising arterial dye concentration after the injection, Avas similar to that 
shoAvn by the hematocrit studies. FolloAA'ing this brief period, arterial d3^e 
concentration continued to fall at an appi'oximately exponential rate as before 
the undyed plasma injection. AVlien dyed plasma Avas giA’^en in similar volumes 
and under identical conditions, so as to increase the circulating dye concen- 
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tration, the concentration of dye in arterial plasma fell rapidly for as long as 20 
minutes before achieving an approximately exponential rate of disappearance. 

It is concluded on the basis of these data that the time required for circulatoiy 
mixing of both cells’ and plasma is less than 5 minutes under the experimental 
conditions described. The time for mixing of plasma solute within the vascular 
system must be the same as that for plasma. The continued rapid disappearance 
of injected dye beyond the first 5 minutes is, therefore, ascribed to passage of 
djm outside the plasma compartment. 
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The actual rate at which injected dye leaves the blood vascular S 3 ’’stem is of 
no concern for the measurement of plasma volume if the rate is constant. Er.-. 
langer (1) suggested that under these circumstances it should be possible to ex- 
trapolate from any convenient portion of the curve to the concentration at the 
instant of injection. In the method developed by Gibson and Evans (2), and 
currently followed with more or less minor modifications, the exponential, or 
nearly exponential, rate of decline in plasma dj’^e concentration, which is achieved 
within 5 to 20 minutes of the injection, is extrapolated for this purpose. Rel- 
atively little attention has been given to the faster rate at which dye leaves the 
central circulation during the first few minutes, since it has been generally as- 
sumed that the excessive early rate of disappearance represents circulatory 
mixing. The present study was prompted bj’’ data reported elsewhere which 
show that the time required for mixing of plasma solute is far shorter than the 
so-called ‘mixing period’ for injected d^m (3). Since a considerable portion of 
the dye which disappears from arterial plasma during this earty period must 
accordingly be lost from the circulation, a studj’’ of the earlj’’ rate of dj’-e disap- 
pearance is obviously indicated. 

Methods and Results. All determinations were made on arterial samples 
drawn from splenectomized dogs in a steady state of barbital anesthesia. The 
procedures have been described in full elsewhere (3). Spectrophotometrically 
stable solutions of the dye T-1824 in a concentration of approximately 1 mgm/cc. 
in 0.9% NaCl were given by quick intravenous injection. Doses were usuall 3 ’’ 
of the order 10 to 20 mgm. and produced plasma d 3 ’^e concentrations betv'een 
0.01 and 0.03 mgm/cc. 

Figure 1 shows the data from a typical dye injection. The upper curve is a 
linear plot of the data which can be fitted to a straight line after the first 20 
minutes. The middle curve is a semilogarithmic plot of the same data. It 
lengthens the linear segment to include all the values after the first 12 minutes. 
The lower curve is a full logarithmic plot which permits all the data for the first 
hour to be fitted to a straight line. The deviation of the data from this line 
after the first hour, which is shown in the figure, is typical of all our experiments. 
The break is always downward, as shovm, and comes between 45 and 75 minutes. 
If the data are plotted either linearly or seirulogarithmically for 3 or 4 hours 
after the injection, it is obvious that under our experimental conditions both 
t 3 'pes of plot are in reality long cunms rather than straight lines. Deviation 
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from rectilinearity is not, therefore, peculiar to the fuU logarithmic plot; it is 
simply more abrupt, more marked and opposite in direction. 
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Fig. 1. The uppermost curve is a linear plot of dye concentration, as optical density, 
following injection of 20 mgm. of the dye T-1824. It is read against the linear scales at the 
left and above. The middle curve is a semilogarithmic plot of the same data, read as the 
log. of optical density on the scale at the right against the linear time scale above. The 
lowermost curve shows the data plotted logarithmicallj' against the logarithmic sqales on 
the right and below. 
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Fig. 2. The filled circles and the solid line are a full logarithmic plot of optical densities 
following injection of 100 cc. of plasma containing 10 mgm. of dye; to be read against the 
log. time scale above. The injection was preceded by withdrawal of an equal volume of 
blood. The open circles and the dotted line are a semilogarithmic plot of the same data, 
to be read against the linear time scale below. 


Straight-line logarithmic plots for the greater part of the first liour hai'c bccin 
obtained with all d5"e injections in our experiments, whether the dye is given .as a 
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small volume of dye solution or as a large volume of dyed plasma. Figure 2 
shows an injection of dyed plasma plotted semilogarithmically and logarithmi- 
cally. In both types of plot, the time-concentration curves appear to be similar 
to those obtained for the usual dye solutions. 

Figure 3A shows a fourth-hour disappearance curve as a straight line on a 
semilogarithmic plot. Injection of imdjmd plasma at this time caused a sudden 
decrease in dye concentration but no detectable change in the disappearance rate 
as a function of the existing concentration. Results of this sort were obtained 
when undyed plasma was given several hours after the injection of dye, there 
being either no change or a veiy small reduction in the slope of the time-concen- 
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Fig. 3. A. The effect of xindycd plasrna injection on (he rate of dye disappearance during 
the fourth hour. The arrow marks injection of 100 cc. undyed plasma 3? hours after the 
injection of d 5 "c. The slopes of optical density have been determined by the law of least 
squares. The rate of dye disappearance before plasma injection is 6.90% per hour; after 
injection, 6.89% per hour. 

B. The effect of undyed plasma injection on the rate of dye disappearance during the second 
hour. Experiment and construction of figure as in A, except for timing. Rate of dj'o dis- 
appearance before plasma injection is 7.28% per hour; rate after plasma injection is 5.25% 
per hour. 


\ 

tration curve. Figure 3B shotvs the contrasting results obtained when undyed 
plasma was injected shortly after the dye. In the experiment illustrated, when 
the dye concentration was suddenly reduced by an early plasma injection, one 
hour after the dye had been given, there was an abrupt lessening of the rate of 
dye disappearance. These obseivations are in confoimity with data obtained 
by following dye concentrations for periods of 3 to 4 hours in undisturbed ani- 
mals. During the first 1 to 3 hours following dye injection, the rate of dye dis- 
appearance decreases with decreasing concentration. The appearance of recti- 
lincarity on semilogarithmic plots for this period is dispelled by plotting at short 
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inteiYals for longer periods, or by suddenty decreasing the concentration with 
plasma injection. 

rigure 4 affords a quantitative comparison of the early dye disappearance 
rates following a first and a second dye injection. The two ‘total’ curves in the 
figure are logarithmie plots of the total dye concentration. The slope of the 
second injection, when plotted in this fashion, is obviously less than, the first. 
Two hours were permitted to elapse between the 2 dye injections. During the 
latter half of the second hour, the dye first injected was found to be disappearing 
at an approximatelj' exponential rate which was plotted out and extrapolated 

2 TOTAL 



Fig. 4. Dye disappearance foUoxuiny a first and a second dye injection. Full logarithmic 
plots. The middle curve, marked ‘1 Total,’ shows the optical densities following a first 
injection of 10 mgm. dye. The upper curve, ‘2 Total,’ shows the total optical density fol- 
lowing a second 10 mgm. dye injection approximately 3 hours later. In curve 1 Total, dye 
disappearance is 24.49% in the first hour; in curve 2 Total, the disappearance is only 17.24%. 
The lowermost curve, ‘2 New,’ is a derived plot for the optical density of the newly injected 
dye alone. It was constructed by plotting optical density at 5-minute intervals for one 
hour preceding the second injection, fitting the data to an exponential slope and extrapo- 
lating this slope through the period of the ‘2 Total’ curve. This plot and its extrapolation 
are not shown in the figure. The derived curve is the dilTcrencc between the ‘2 Total’ curve 
and this extrapolation. The disappearance rate for the newly injected dj’c, when distin- 
guished in this manner from the ‘old dye,’ is 24.25% in the first hour. All lines, including 
the subtracted extrapolation for old dye, drawn by the law of least squares. 

through the third hour. The lowermost curve in the figure was constructed by 
substracting this extrapolation from the ‘2 total’ curve. This subtraction as- 
sumes that the dye first injected, now in its third hour, will continue to disappear 
exponcntiallj'^ during the period when the newly injected djm is disappearing as 
a full logarithmic function. When the new and the old dye are distinguished 
in this manner, their early disappearance rates, as shown in the figure, are practi- 
cally identical. 
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• Discussion. The relationship shown between dye concentration and time 
in our full logarithmic plots is: 



where Ct is the dye concentration at time t, Ci is the concentration at one minute, 
and r*’ is a power, less than one, of time. All time values in this formulation 
are given in minutes from the injection. The average value found for p in a 
series of 20 conventional djm injections was 0.0553, with the relatively large 
standard deviation of ± 0.0117. It is apparent that this relationship can exist 
for only a limited period of time. As T approaches 0, the value of Ct approaches 
infinity. Since the highest possible dye concentration is that of the injected 
solution, i.e., about 1 mgm/cc., it is obvious that the full logarithmic plot cannot 
represent the data immediately following the injection. Extrapolation to the 
moment of injection would require the insertion of arbitrary constants in the 
formula, a device for which there is no justification in the present data. An 
attempt has been made in 2 experiments to determine the shape of the dye disap- 
pearance curve during the first minute by sampling at intervals of 10 seconds 
after the injection. Large variations were observed which were interpreted 
as recirculations of the incompletely mixed column of djm. Most of the values 
fell above the line representing the later data in terms of the formula above. 
Further study of the very early disappearance rates is needed. 

For the present purposes it is of minor concern that the logarithmic plot also 
demonstrably fails to represent the data beyond the first hour. In the square 
root of time formula of King, Cole, and Oppenheimer (4) an empirical time 
constant is employed to represent the deviation of the later data from recti- 
linearity. Their formula does not, however, represent the data for the first few 
minutes, which are assumed to be distorted by a long mixing period. Gellhorn, 
Merrell, and Rankin (5) obtained a double exponential equation which repre- 
sented the change in concentration of injected Na^^ and which could be adapted 
to the present data. The constants employed in their equation, however, were 
empirically determined from rates of change observed several minutes after the 
injection. When the equation was solved for concentration -at time 0, calcu- 
lation of plasma volume yielded values about twice those obtained by dye meth- 
ods, suggesting that their equation did not describe the reaction during the 
period immediately following the injection. If, as our data show, the rate of 
dye disappearance changes with time, extrapolation to time 0 is hkely to be 
extremely unreliable regardless of the method employed. The rates of change 
in dye concentration which are observed after the first 2 to .5 minutes may be 
taken to represent dye escape from the vascular S 5 '’stem after circulatory mixing 
is complete. Earlier rates of disappearance from the central circulation must 
be influenced bj’’ mixing, and may be either greater or less for this’ reason. 

Although it does not seem profitable to attempt a formulation of the entire 
dye disappearance curve, the data of the present report permit certain quali- 
tative statements, (a) Any new injection of dye must pass through an initial 
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phase of rapid disappearance during Avhich the overall rate of disappearance 
from the central circulation is represented by a straight line on a full logarithmic 
plot. If the rate at which previously injected dye is disappearing at this time 
is subtracted (fig. 4), no difference can be detected between a first and a second 
dye injection. (6) This phase is followed by a period lasting 1 to 3 hours during 
which the rate of disappearance gradually declines with the decrease in concen- 
tration. If undyed plasma is injected during this period to produce a decrease 
in dye concentration, the rate of dye disappearance is decreased (fig. 3B). (c) 

There is a subsequent period during which the rate of disappearance seems to be 
a fixed percentage of the existing dye. This exponential rate of disappearance 
is not changed by suddenly decreasing the dye concentration (fig. 3A). We 
have not studied still later disappearance rates. The identity of behavior of a 
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Fig. 5. The rate of disappearance of injected undyed plasma from the arterial circulation. 
The lower curve is a semi-log. plot of optical density following injection of 20 mgm. of dye. 
The upper curve is a semi-log.plot of the decrease in optical density obtained 2 hours later 
by injecting undyed plasma. The decreases plotted in this curve were obtained by sub- 
tracting from the observed density, on each time ordinate, the density read by e.xtrapolation 
of the pre-injection values. Approximately a 25% reduction in optical density was pro- 
duced by the plasma injection. 


first and a second dj^e injection, when allowance is made for the changing rate 
of disappearance with time, is at variance with the report of Cruickshank and 
lATiitfield (6). 

The fact that each new dye injection must pass through a phase of rapid dis- 
appearance is, of course, what would be expected if circulatorj'^ mixing is respon- 
sible for the initial fast phase. But such an initial phase would also be expected 
if dye is lost from the plasma compartment into a space which reaches a state 
of equilibrium with plasma fair^’' soon. If, as the present data show, injecting 
undyed plasma in the third phase of dye disappearance does not change the rate 
of dye disappearance, it should be possible to plot the disappearance of the un- 
dyed plasma from the central circulation as a curvm of dye decrement. Such 
a ciuvc is shown in figure 5. No loss of the undyed plasma from the arterial 
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circulation can be detected after the first minute, the deviations from the hori- 
zontal being random in direction (exaggerated by the large scale plotting). This 
is an extension of data given in full elsewhere as evidence that the initial rapid 
d}’’e-disappearance phase is not due to cireulatorj^ mixing (3). 


SUMULVRY 


When concentrated solutions of the dye T-1824 are injected intravenously 
in barbitalized dogs, arterial dye concentrations from one minute to approxi- 
mately 60 minutes after the injection decrease in accordance with the relationship 


Ct 


9ll 

T, 


where Ci is the concentration at any minute following the injection. 


Cl is the concentration at one minute, T is time in minutes from the injection 
and p is a fractional power. The average value found for p in 20 dye injections 
was 0.0553, standard deviation ± 0.0117. The straight line obtained for the 
data when plotted as log. concentration against log. time is useful for smoothing 
the early data during the phase of rapid disappearance and for quantitative 
study of the earl 3 ’’ disappearance phase. 

A truly exponential rate of disappearance is not achieved, as a mle, earlier 
than 2 to 4 hours after dj'e injection. AWrereas undj’^ed plasma injection does 
not change the percentage disappearance rate if given at these longer intervals, 
earlier plasma injections reduce the percentage rate of disappearance. Three 
phases of dye disappearance are thus recognized; a) An initial rapid disappear- 
ance phase, lasting approximatelj’- one hour, in which the log. of dye concen- 
tration is a linear function of the log. of time; h) a transition phase, lasting 1 to 
3 hours; and c) an exponential phase, in which the log. of dye concentration is a 
linear function of time. Each new injection of dye appears to pass through all 
three phases. The total rate of disappearance for a second dye injection appears 
to represent simply the sum of the rates for the old and the new dye. Wlien the 
disappearance rate for the previous^ injected dye is subtracted from the total, 
no difference can be detected between a first and a second injection. 
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If the initial excessive rate of disappearance of injected dye does not represent 
circulatory mixing, but a time-limited loss from the vascular system (1), tho 
volume obtained by the method of Gibson and Evans (2) is obviously the volume 
of plasma plus a volume related to the space occupied by the escaped dye. That 
the method of Gibson and Evans overestimates the plasma volume is suggested 
by a variety of observations (3, 4, 5). In none of these studies, however, is a 
more reliable, independent estimate of plasma volume offered for comparison. 

If the current dye injection methods are valid for estimating plasma volume, 
similar values should be obtained from the injection of undyed plasma into dyed 
animals and noting the decrease in dye concentration. It is shown elsewhere 
that such plasma injections do not change the rate of dye disappearance, if given 
at a sufficiently long interval following the dye injection (6). Dye which has 
been lost from the plasma compartment does not, accordingly, appear to return 
at an appreciable rate when imdyed plasma is given . If the dye-injection method 
is in error due to dye escape, there should therefore be no comparable error due 
to dye return when the volume is measured by injecting imdyed plasma. In 
the latter procedure, no assiunptions have to be made regarding the actual 
amomit of circulating dye, except that it is not changed by the plasma injection. 

The dilution of normal plasma constituents by injection of large volumes of 
crystalloidal or foreign colloidal solutions has been employed before for meas- 
uring plasma volume(7, 8). In addition to the large technical errors inherent in 
the methods, the injected solutions could not be relied upon to remain at the 
injected volume within the circulation. In the present study, percentage tech- 
nical errors were reduced by injecting enough dye to give a high optical density 
to the circulating plasma and by using vmdyed autogenous plasma for the sub- 
sequent dye dilution, in sufficient volume to give a 15 to 30 % decrease in circu- 
lating dye concentration. The autogenous plasma used for the dilution should 
undergo minimum changes in volume within the circulation. 

Method. Barbitalized, splenectomized dogs were used. Details of all the 
experimental procedures have been given elsewhere (1). Autogenous hepari- 
nized plasma was obtained by bleeding and transfusing with donor blood, 
the animal being allowed to rest for about 3 hom's after the transfusion before 
starting the experiment. In dying the c rculating plasma, the dose of T-1824 
injected was usually 20 mgm., and the resulting dye concentrations Avere of the 
order 0.025 to 0.035 mgm/cc. The und 5 ’’ed plasma Avas injected from 1 to 4 
hours later in a volume of approximately 10 cc/kgm. 
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The calculation of plasma volume is based on the assumption that the optical 
density of the mixture of dyed and undyed plasma in the circulation after in- 
jection of the latter is simply the mean of the two densities as measured before 
the injection. Under these conditions 

PV = ^ 4- p 

Ep - E„ ^ “ 

Avhere PV is the volume of circulating plasma at the instant the injection is 
started, Vr is the volume of injected plasma, Ep is the optical density of the 
circulating plasma before the injection, Em is the density of the mixture after 
the injection and Er the density of the injected plasma. If all the optical densi- 
ties are read against an undyed plasma reference, and autogenous plasma is 
used, Er drops out of the equation. If the plasma injection is preceded by 



, FiG.l, Measurement of plastnavohmeby dye decremenf. At time 0, 100 cc. undyed plasma 
were injected following withdrawal of 100 cc. blood. The e.xtrapolations yielded Ep = 
0.2806 and Em = 0.2143 (anti-logs.). Since the optical densities were read against undyed 

100 X 0 2143 

plasma as a reference, Er — 0. Plasma volume (sec text) is thus: PV = ^ 

0.2806 - 0.2143 

= 323 cc. In this experiment there appears to be a 3-minute mixing period for the injected 
plasma. 


bleeding, in order to prevent expansion of the blood volume b}"- the injection, 
Pe is required in the equation to show the volume of plasma withdravm in the 
bleeding. Figure 1 shows the type of data obtained. Ep and Em are read at 
the completion of the plasma injection by extrapolation of the two optical density 
curves. When the plasma injection was not preceded by bleeding, the post- 
injection densities often appeared to fit a complex function, making extrapola- 
tion to the instant of injection difficult. In most of the experiments of the pres- 
ent report we have accordingly withdravm an equal volume of blood just before 
the injection of plasma. 

Results, The essential data are given in table 1, which shows comparative 
values for plasma volume obtained as follows: (a) Bj’’ the dj'-e injection method 


of Gibson and Evans, as PV = where D is the amount of dye injected and 

c 

c' is the concentration at time 0 obtained by extrapolating the approximate^ 



MEASUKEiSIENT OF PEASMA VOLUJIE 


299 


exponential segment of the time-concentration curve plotted after the first 
15 minutes, (b) By the same formula, substituting for Gibson and Evans’ 
c' the dye concentration read at one minute on the log. -log. smoothed plot pre- 
viously described (6). This value will be referred to as the one-minute dye 
volume, (c) Bj'- the subsequent injection of rmdyed plasma as described in the 
foregoing. This value will be called the dye-decrement volume. 

The table shows that the apparent distribution volume of the dye, at one 
minute following its injection, is usually very similar to the permanent distribu- 
tion volume of injected undyed plasma. Both of these volumes are consistently 
smaller than the plasma volume as obtained by the method of Gibson and Evans. 
Where there is any appreciable difference between the one-minute dye volume 


Table 1. Comparative values for plasma volume 
The values given under the heading G & E were obtained with the dye method of Gibson 
and Evans. The column headed 1-mvn. dye gives values obtained by substituting the 
concentration of dye observed at one minute in the Gibson and Evans’ calculation. The 
values listed under Dye decrement were obtained with undyed plasma injection as described 
in the text. The last 3 columns give the ratios of these comparative values. Dye decre- 
ment values for dogs 11 and 12 were obtained without bleeding before the injection, all 
others with bleeding (see text). All volumes are given in cubic centimeters. 


DOG ^'0. 

■w 

■■■■■ 

l-MIN. DYE 

DYE DECREMENT 

l-MIN/G A E 

DYE DEC/G A E 

l-MIN/DYE DEC. 

1 

414 

370 

363 

0.894 

0.878 

1.019 

2 

500 

454 

411 

0.907 

0.823 

1.102 

3 

470 

395 

361 

0.840 

0.768 

1.094 

4 

650 

567 

570 

0.872 

0.876 

0.994 

5 

552 

491 

490 

0.890 

0.888 

1.001 

6 

370 

341 

345 

0.921 

0.933 

0.989 

7 

346 

308 

296 

0.890 

0.856 

1.039 

8 

576 

498 

466 

0.866 

0.808 

1.069 

9 

380 

338 

335 

0.890 

0.882 

1.008 


489 

410 

385 

0.840 

0.788 

1.064 

11 

620 

534 

532 

0.861 

0.858 

1.004 

12 

545 

446 

454 

0.818 

0.833 

0.984 

Average . . 

0.874 

0.849 

1.031 


and the dye-decrement volume, the one-minute volume is abvays the larger. 
This would be expected if some dye has escaped from the plasma compartment 
within the first minute. 

Figure 2 show’s the agreement betAveen the one-minute dye volume and the 
dye-decrement volume in another form. If Gibson and Evans’ interpretation 
of the time concentration curves for dye is correct, the distribution A'olume of 
d3’e within the Avascular S3’stem is expanding throughout the initial phase of fast 
disappearance. In the construction of figme 2 the apparent expansion during 

this period is obtained for our experiments as — Avhere D is the amount of 

Cle Cl 

dye injected, cj* is the concentration at one minute on Gibson and Evans’ ex- 
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ponential extrapolation, and Ci is the actual concentration at one minute on our 
log.-log. smoothed plot. It is obvious from the figure that the apparent expan- 
sion of the dye distribution volume during the rapid disappearance phase very 
nearly represents the excess of the dye-injection over the dye-decrement volume. 
The correlation between these two variables is difficult to explain on the basis 



DIFFERENCE DYE INJECTION - 
DYE DECREMENT VOLUME CC 


Fig. 2. The ordinates show the apparent expan- 
sion of the dye distribution volume during the 

, D D 

'mixing period,’ calculated from — — where 

Cio Cl 

D is the amount of dye injected, cio is the concen- 
tration at one minute obtained by extrapolating 
the later exponential slope and ci is the actual 
concentration at one minute read on the log.-log. 
smoothed plot. The abscissae show the difference 
between the conventional dye-injection value for 
plasma volume and the volume obtained by the 
dye-decrement method. The dashed line is drawn 
at perfect agreement. 


Table 2. Com-paralivc values for dye dislribution when injected in a large volume of 
plasma and a S7jiall volume of aqueous solution {saline) 

The values given under the heading Dye are the dye distribution volumes obtained by 
the method of Gibson and Evans with injection of 10 to 20 cc. of conventional dye solution. 
The values given under Dyed plasma are the dye distribution volumes obtained by the same 
calculation (see text) with the injection of 100 to 150 cc. of dyed plasma (10 cc/kgm.) after 
correction for the volume of plasma added to the circulation. All volumes arc given in 
cubic centimeters. 


DOC KO. 

DYE 

j DYED PLYSMA 

; dyed plasma/ 

j DYE 

EXPEJIIMXNTAL CONT)ITIOJi 

13 

461 

489 

1.059 

Dye first, bleeding 

14 

654 

660 

1.010 

Dyed plasma first, no bleeding 

15 

532 

514 

0.966 

Dyed plasma first, no bleeding 

16 

530 

502 

0.950 

Dyed plasma first, bleeding 

17 

558 

554 

0.992 

Dye first, no bleeding 

18 

362 

379 

1.047 

Dye first, no bleeding 

19 

349 

327 

0.933 

Dyed plasma first, bleeding 

1 

Average ! 

0.985 



of any systematic error in the dj'e-decrement method. If, on the other hand, 
the dye-decrement method yields a more nearly true value for plasma vohtme, 
this correlation would be expected. The error in the voliune obtained by Gibson 
and Evans’ method should be a function of the dye lost from the plasma com- 
partment during the initial rapid disappearance phase. 

Controls on the validity of the dye-decrement method may be obtained by 
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substituting dyed for undyed plasma in othenvise identical experiments. Plasma 
volume may be calculated by the dye-decrement formula or by the conventional 
formula after converting the volume of dyed plasma into dye dosage. The 
latter calculation yields identical results if the injected volume of plasma is 
deducted. Table 2 shows the values obtained for plasma volume by the injec- 
tion of dyed autogenous plasma in such experiments. In all the experiments 
of the table, the value obtained with dyed plasma agrees within 7% with the 
value obtained by the conventional dye-injection method. The disagi’eements 
are random in direction, with an average for the group of only 1.5% difference. 

Discussion. The control studies with dyed plasma injection fail to reveal 
any systematic error in the dye-decrement method. Circulatory disturbances 
or errors in the basic assumptions capable of producing a systematic difference 
between the dye-injection volume and the dye-decrement volume should also 
systematically influence the apparent distribution volume of injected dyed 
plasma. In the control studies, however, the distribution volume of dyed plasma 
is not consistently different from that of dye injected in the usual manner. Since 
it is inconceivable that the presence or absence of dye in the injected plasma will 
actually influence the distribution of the plasma within the circulation, the 
difference between dyed and undyed plasma must mean that dye leaves the for- 
mer to distribute itself beyond the plasma compartment. 

The time-concentration curves are treated in exactly the same manner in 
these studies in obtaining the dye-injection and the dye-decrement volume. For 
both calculations an exponential post-injection slope is extrapolated to the time 
of the injection to obtain the change in optical density after complete mixing 
and before loss of injected material. The calculations are fundamentally iden- 
tical, and based on identical assumptions. In both, a constant rate of change is 
assumed to begin at the time of the injection, with the possibility of masking 
during an initial mixing period. After undyed plasma injection, such a constant 
rate of change is achieved within a maximum period of 5 minutes, usually within 
the first 2 minutes. After dye injection, or the injection of dyed plasma, as 
long as 20 minutes may be required. The assumption of a constant rate of 
change thus comes closer to empirical verification with the dye-decrement 
method. Since the disagi'eement between the dye-injection and the dye-decre- 
ment volume must mean that the common basic assumptions are not equall}’’ 
valid for the two methods, the dye-decrement method would appear to yield a 
more reliable estimate of plasma volume. 

Early dye methods allowed a supposedly minimum time for circulatory mixing, 
usually of the order of 3 minutes, and sampled as soon as possible thereafter in 
order to minimize dye lost (9). The empirical agreement between our one- 
miuutc dye volumes and our dye-decrement volumes suggests that the former 
ma}'- be useful in obtaining an approximate value for plasma volume. It must 
be recognized, however, that the agreement may be fortuitous. Mixing of 
plasma solute is not alwa 3 ’'s complete within one minute, and there is no reason 
to believe that dye escape from the plasma compartment will be delaj’-ed for a 
full minute after the injection. It is possible that these two factors, with oppo- 
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site effects on dj’-e concentration, happen to summate in such fashion at one 
minute as to jneld a true value for the plasma volume. 

SUMMARY 

Plasma volume calculated as the distribution volume of the dye T-1824 by 
the method of Gibson and Evans Avas fovmd in barbitalized dogs to be con- 
sistently larger than the value found for the distribution A'olume of subsequently 
injected undyed plasma. The latter vohune (dye-decrement volunie) averaged 
approximately 85% of the dye distribution volume in a series of 12 animals, Avith 
extremes of 77 and 93%. When the distribution volume of dye injected in a 
large volume of plasma AA'as measured in control experiments, it AA’-as found to be 
in good agi’eement AAOth the Amlume obtained for small Amlumes of concentrated 
dj’-e solution. 

When the distribution Amlume aa'rs calculated from the dj’^e concentration ob- 
sei’A’^ed at one minute on a log.-log. smoothed plot of the rapid disappearance 
phase, the values AA’^ere found to be in fairly good agi’eement, as a rule, Avith the 
dye-decrement volumes. When a large amount of dye disappeared from arterial 
plasma during the rapid disappearance phase, the apparent distribution Amlume 
of the dye as obtained by the method of Gibson and EA’^ans aa’bs gi’eatly in excess 
of the distribution volume of und3''ed plasma. When only a small dye disap- 
pearance AA'as obserA'’ed, the tAA^o distribution Amlumes Avere more nearly in agi’ee- 
ment. 
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If the blood cells are uniformly distributed throughout the blood volume 

c 

(1), the total volume of cells may be calculated as C = P X where P is the 


plasma volume and - is the ratio cells: plasma in a sample of blood. When cur- 
P 

rent dye methods are used to obtain the plasma volume, the cell volume cal- 
culated by this formula is consistently larger than that obtained by injecting 
tagged red cells (2, 3). It is not knowm to what extent this discrepancy is due 
to overestimation of the plasma volume by the dye method and to what extent 
it is due to concentration of cells in the more rapidly circulating blood from which 
the samples are drawn. The studies of Gibson, et al. (4) on the difference be- 
tween the small vessel and the large vessel hematocrit cannot be considered 
definitive, since no assurance can be given that the tagged plasma protein used 
for measuring the small vessel plasma volume remains entirely intravascular. 

In measuring plasma volume by the dye-decrement method, which is described 
in detail elsewhere (5), a fairly large volume of undyed plasma is injected into 
an animal whose circulating plasma contains the dye T-1824. There is a simul- 
taneous decrease in the dye concentration and the cell content of circulating 
blood. If the distribution of cells throughout the blood volume is sufficiently 
uniform to permit the total cell volume to be calculated as above, it should be 
possible to predict the arterial hematocrit reduction which will be obseiwed with 
a given reduction in plasma dye concentration. In the present study these pre- 
dicted values are derived and compared with the observed values. In addition, 
an independent value for the total cell volume is calculated from the hematocrit 
change on the assumption that the arterial hematocrit bears a constant relation- 
ship to the total body hematocrit. 

Methods and Results. The studies were done on splenectomized dogs, in 
a steady state of barbital anesthesia. Descriptions are given elsewhere of the 
preparation and injection of autogenous plasma and cell concentrates and the 
measurement of dj^e concentrations and hematocrits (6). All determinations 
were made on arterial blood. Since arterial hematocrits usuall}^ become stable 
within a maximum of 4 minutes after injection of a large volume of either plasma 
or cells, hematocrit values were obtained as simple averages of 4 to 12 samples 
drawn at intervals of 3 to 10 minutes after this initial period. In rare instances 
progressi\’ely declining hematocrits were observed for as long as 10 minutes after 
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plasma injection. For the sake of uniformity, this unexplained phenomenon 
was ignored in obtaining the average hematocrit values. To obtain the volume 
of cells withdrawal in bleeding, the volume drawn ivas usually multiplied bj"" the 
average cell: plasma ratio of the preceding period, as this method appeared to 
have a smaller technical error than that involved in sampling a large volume of 
blood after it had been drawoi and allowed to stand for a time. 

In order to prevent expansion of the blood volume, the plasma injections were 
immediatel}'- preceded by rapid ivithdrawal of equal volumes of blood. With 
uniform distribution of cells throughout the entire blood volume, the arterial 
hematocrits before and after the plasma injection should have the following rela- 
tionships: 

H, _ Cl - Co ,, Bi 

Hi Bi ^ Cl 
and 

Ho = X Hi (1) 

' t^i 

w'here Hi and Ho are the hematocrits before and after the injection stated as the 
ratio cells: total volume in the samples, Ci is the initial volume of cells in the 
animal, Cc is the volume of cells Avithdraw in the bleeding and Bi is the initial, 
unchanged blood volume. Furthermore, with uniform cell distribution, the 
total volume of cells in the blood volume is 



equation 1 ma}’’ be AAa-itten ; 


PiHi -f CoHi 

PiHi 


X Hi 


Avhere Hoj is the arterial hematocrit expected after the plasma injection on the 
basis of the theoiy Avhich is under examination. 

The dj’-e decrement estimate of plasma volume is based on the decrease in 
plasma dye concentration (or optical density) folloAving injection of undyed auto- 
genous plasma into a d 5 ’-ed animal. The value obtained is 


R(E„ - E.) , T, 

Ep - E„. ^ (4) 


where R is the volume of plasma injected, Em is the optical density of the cii’cu- 
lating plasma after the injection, Ep the density before, Er the density of the un- 
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dyed injected plasma and Pc the volume of plasma withdravTi in the preceding 
bleeding. When this value for Pi is used in equation 3, accordingly, the value 
obtained for H20 becomes a function of the decrease in plasma-dye concentration. 
The calculation 500^5 the hematocrit which is expected if there is an equivalent 
decrease in the dye and the cell content of arterial blood. 

Table 1 gives the data required for solution of equation 3, in a series of experi- 
ments, and shows the hematocrits which were observed as compared with the 
predicted values. As shown in the table, the observed hematocrit was always 

Table 1. Comparison of the expected and the observed arterial lieinatocrits after injec- 
tion of undyed plasma in dyed animals 

The symbols in the column headings have the same meaning as in equation 3 in the text. 
Pi is the plasma volume as obtained from the decrease in the dye concentration of circulat- 
ing plasma (dye-decrement method). Ce is the volume of cells withdrawn. Hi and Hj arc 
the average arterial hematocrits before and after the plasma injection, stated as the ratio 
of packed cell-volume to total volume of sample. Hie is the hematocrit expected after the 
injection as calculated from equation 3. 


EXP. NO. 

Pi 

1 

C. 

Hi 

1 

Hi9 


ce. 

ce. ! 




1 

363 

57.80 

0.5780 

0.46S8 

0.5100 

2 

411 

48.75 

0.5425 

0.4633 

0.4885 

3 

361 

56.10 

0.5788 

0.4928 

0.5135 

4 ! 

570 

86.10 

0.5374 

0.4285 

0.4678 

5 

490 

41.36 

0.4136 

0.3504 

0.3632 

6 

345 

50.53 

0.5053 

0.4148 

0.4337 

7 

296 

48.08 

0.4808 

0.3432 

0.3965 

s ' 

466 

68.50 

0.5000 

0.4020 

0.4265 

9 

335 

48.26 

0.4826 

0.3900 

0.4078 

10 

385 

54*75 

0.5475 

0.4710 

0.4830 

11 

525 

54.90 

0.4232 

0.3435 

« 

0.3627 

Average 

0.5082 

0.4153 

0.4412 


lower than the predicted value. When the hematocrits were plotted against 
time following the injection, the entire time plot lay below the predicted level 
in most cases. The table shows that the average hematocrit reduction follovdng 
plasma injection is approximately 140% of the reduction expected from the de- 
crease in dye concentration. 

Even though these results fail to support the working hypothesis and suggest 
that the arterialhematocrit is considerably in excess of the total body hematocrit, 
equation 2 could be solved for the total cell volume if the arterial hematocrit 
has a constant relationship to the hematocrit of the entire blood volume. If 
the distribution of cell-poor and cell-rich blood is not changed by the bleeding 
and plasma injection, and if the total blood volume remains the same, the folloAv- 
ing equations are valid ; 

C, = Cl - C. = BiHik - Ce = BiHok 
where Ci is the cell volume before the bleeding and plasma injection, C2 the cell 
I'olumc after, Ce is the volume of cells withdrawn and replaced with plasma, Bi 
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is the initial, unchanged blood volume and k is a constant whose value is less 
than one. Accordingly, 


and 


B: = 


BiHik = 


Ce 

Hik - Hsk 

a 

Hik - Hjk 


XHik. 


But BiHik is equal to Ci, which is wanted, and the constant cancels out. There- 
fore, 


Cih = 


a 

Hi - Ha 


XHi 


( 5 ) 


where Ci;, is the initial cell volume, before the bleeding and plasma injection, 
as obtained from the change in arterial hematocrit. Althougli no term for plasma 
volume appears in this equation, the equation is based on the assumption of an 
unchanged total blood volume, as is equation 4 for plasma volume, and is subject 
to a similar error if this condition is violated. Aside from this, the determina- 
tion of plasma volume l3y equation 4, and of cell volume bj' equation 5, are totallj^ 
independent. 

The hematocrit for the entire blood vohune is obviouslj'- 


Hk = 


Ch 


Ch + Pdd 


= H,k, 


if the cell volume C* as obtained from the hematocrit change is the true cell 
volume, the plasma volume Pdd as obtained by the dj’-e-decrement method is 
the true plasma volume and Ha is the arterial hematocrit. Under these condi- 
tions the ratio between the hematocrit of the entire blood volume and the hema- 
tocrit of arterial blood is 


(Ch + Pdd)Ha (6) 

Table 2 gives the values found for cell volume in our experiments b}'- the 
hematocrit-change method of equation 5, and by two calculations from equation 
2, based on the arterial hematocrit and the plasma vohune. One of the latter 
calculations uses the plasma volume as found by the conventional dye-injection 
method (Cpdf in the table), and the other uses the smaller plasma volume found 
by the dye-decrement method (Cpdd in the table). As would be expected from 
the foregoing data, the value found for cell volume was always largest when it 
was calculated from equation 2 with plasma volume as obtained bj”- djn injection, 
and smallest when it was calculated from the hematocrit change. In this small 
series, the hematocrit-change method gave a value for cell volume which averaged 
about 61% of the dye injection-arterial hematocrit calculation. When the dj^e- 
decrement plasma volume was substituted for the dj'-e-injection volume, the 
cell volume obtained by equation 2 was reduced to about 84%. If the hemato- 
crit-change method 34elds a true value for cell volume, therefore, it appears that 
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in these experiments about half the overestimation in deriving cell volume as 
Cpdi is due to overestimation of the plasma volume, and about half is due to the 
difference between arterial and total body hematocrit. The last column of the 
table gives the coefficient required, on the basis of the present assumptions, to 
obtain the total bod}=' hematocrit from the arterial hematocrit (k from equation 
6 ). 


Table 2. Comparative values for total cell volume 
Same experiments as in tabic 1. The column headed Cp,i, gives the values for total cell 
volume calculated from equation 2 in the text (plasma volume by cell: plasma ratio) when 
the plasma volume is obtained by the dye-injection method. The column headed Cpdd 
gives the total cell volumes calculated from equation 2 when the plasma volume is obtained 
by the dj(e-decrement method, i.e., Pi in table 1. The column headed Ch gives the total 
cell volurnes calculated from the change in arterial hematocrit by equation 5. All cell 
volumes have been corrected for cells drawn in sampling and bleeding. The last column 
gives the ‘values found for the ratio of total bod}' hematocrit to arterial hematocrit (k) 
found byiequation 6 in the text. 


EXP. NO. ' 

Cpdi 

Cpdd 

Cu 

Cpdd/Cpdi 

Cb /Cpdd 

Ch/Cpdi 

4 

* 

CC. 

cc. 

CC. 





1 ' 

568 

494 

306 

0.869 

0.620 

0.538 

0.795 

2 

593 

485 

331 

0.818 

0.689 

0.563 

0.828 

3 ' 

6-16 

495 

3T7 

0.767 

0.762 

0.583 

0.882 

4 

756 

663 

425 

0 878 

0 641 

0.562 

0.794 

5 

389 

345 

271 

0.887 

0.784 

0.697 

0.861 

6 

379 

353 

283 

0.931 

0 802 

0.746 

0.894 

7 

321 

273 

168 

0.850 

0.616 

0.523 

0.753 

8 

576 

466 

349 

0 809 

0.749 

0.606 

0.856 

9 

355 

313 

252 

0.882 

0 806 

0.709 

0.888 

10 

G19 

466 

392 

0.754 

0.840 

0.634 

0.923 

11 

503 

385 

292 

0.766 

0.758 

0.581 

0.844 

Average 

0.838 

i 

0.733 

0.613 

0.847 


If the basic assumptions for the hematocrit-change calculation of cell volume 
are valid, it should be possible to estimate the cell volume from the hematocrit 
increase following injection of cell-concentrates as well as from the decrease 
following plasma injection. If the dratvn blood is replaced with an equal volume 
of cell-rich blood, equation 5 becomes 


Cih 


Cr - a 

Ih - Hi 


X Hi 


(7) 


where C, is the volume of cells injected, and the other terms have the same mean- 
ing as before. Table 3 shows experiments in which the hematocrit-change cal- 
culation for cell volume was made from the hematocrit increase following cell- 
concentrate injections as well as from the hematocrit decrease following plasma 
injection. If a correction is made for the cells actuallj'- withdranm or added, the 
table shows fairly good agreement between the cell volume as determined in 
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an animal by injecting plasma at one time and cells at another. The average 
ratio CftrCpdt for all the cell injections happens to be identical with the average 
ratio for the plasma injections, with a value of 0.767. That is to say, in this 
group of animals, the hematocrit change-method yields a value for cell volume 
which averages 76.7% of the conventional plasma volume-arterial hematocrit 
value, whether the hematocrit is increased or decreased in applying the method. 

Table 3 

In the column headed ‘Injection’, P indicates injection of plasma and C injection of 
cells. The column headings Cpdi and Ch have the same meaning as in table 2. The last 
3 columns give the volume of cells added or withdrawn during the interval between deter- 
minations, and the circulating cell volumes corrected accordingly. 


r.xp. NO. 

INJECTION ' 

1 

1 

Cpdi 

Ch 1 

1 

B 

CUMULATIVE 
CHANCE CELL 
VOLUME 1 

Cpdi 

CORRECTED 

Ch 

CORRECTED 



cc. 

cc. 


CC, 

CC. 

CC, 

19 

C 

306 

272 

0.888 




20 

P 

378 

281 

0.743 

0 

378 

281 


C 

337 

215 

0.638 

-54 

391 

269 


p 

308 

232 

0.752 

-13 

321 

245 

21 

p 

696 

598 

0.860 

0 

696 

598 


c 

627 

481 

0.767 

-104 

731 

585 


p 

613 

524 

0.853 

-60 

673 

584 • 

22 

c 

570 

505 

0.886 

0 

570 

505 


p 

628 

568 

0.904 

-f60 

568 

508 

23 

c 

571 

355 

0.621 

0 

571 

355 


p 

660 

400 

0.606 

-1-65 

595 

335 

24 

c 

247 

206 

0.835 

0 

i 247 

206 


p 

369 

240 

0.650 

-1-55 

i 314 

195 

25 

c 

373 

273 i 

0.732 


i 

1 



Discussion. The excessive fall in the arterial hematocrit with cell withdrawal 
in these studies is in agi’eement with previous data obtained under less well- 
controlled conditions (7-10). Hahii and Bale (11) plotted the declining venous 
hematocrit against the declining total cell volume as obtained by radio-iron in 
chronic bleeding experiments. They found that although the two variables were 
linearly related, the rate of hematocrit decrease was less than that of the total 
cell volume. Since no attempt was made to ensure the maintenance of a con- 
stant blood volume in their experiments, and in the absence of published data 
on plasma volume, it appears likely that this paradoxical finding was due to 
incomplete restitution of the plasma loss. 

In the cell-washout studies of Lawson et al. (10) the arterial hematocrit was 
found to decline at a constant exponential rate to the death of the animal when 
fixed volumes of blood were draivn at regular intervals and replaced with equal 
volumes of isotonic gelatin solution. The total cell volume was calculated as 
the extrapolated total washout from the formula 
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where Y is the total washout, y the yield of cells on the first bleeding and r the 
constant ratio for the series of diminishing yields. It is obvious that the hemato- 
crit-change calculation of cell volume in the present study is essentially a one- 
step washout calculation. If a constant volume of blood is drawn in the bleed- 
ings of the washout, the successive cell yields become simple functions of the 
hematocrits in the drawn blood. If the yields are y, yr, yr- • • • the value 

of r may thus be obtained as the ratio of any two successive hematocrits. Ac- 
cordingly, the washout equation may be written 


Y = 



Ho 

Hi 


y 


Hi - Hs 


X Hi, 


which is identical with equation 5 in the present study for cell volume by the 
hematocrit-change calculation. The validity of the present method for cell 
volume is therefore the same, in theory, as that of the previously reported wash- 
out method. It is technically superior, in that autogenous plasma is used and 
the interval between the two hematocrit readings is indefinitely long, so that 
mixing of the replacement fluid with circulating blood should be quite complete. 
The hematocrit-change method has been employed in a total of 33 instances in 
the present studies, including experiments with dyed plasma injection not re- 
ported. The cell volume found by this method averaged 70.7% of that calcu- 
lated from the arterial hematocrit and the dye-injection value for plasma volume. 
The somewhat higher percentage foimd in the previous study (average about 
84%) may have been due to the use of a foreign colloidal solution, gelatin, for 
the washout, or it may have been due to the method used in calculating plasma 
volume which yields a somewhat smaller figure than that obtained for the dye- 
injection plasma volume in the present study. 


SUMMARY 

Equivalent reductions in the dye and the cell content of arterial blood, fol- 
lowing the injection of undyed plasma, into dyed dogs, were calculated as theoreti- 
cal values on the assumption of an homogeneous distribution of the total cell 
mass throughout the entire blood volume. Plasma volume for these calculations 
■was obtained a) by a conventional dye injection method and 6) by the dye-decre- 
ment method. The cell mass was calculated from the arterial hematocrit and the 
plasma volume. Even when the smaller value obtained for plasma volume by 
the dye-decrement method %vas employed, the hematocrit reductions observed in 
barbitalized, splenectomized dogs following plasma injection w'ere consistently 
excessive, with an average of approximately 140% of the expected reductions. 

-'\n independent value for the total volume of cells was obtained from the 
change in arterial hematocrit following injection of either plasma or cell concen- 
trates. The cell volume obtained by this method averaged about 71% of the 
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volume calculated from the arterial hematocrit and the d 5 'e-injection plasma 
volume and about 84% of the volume calculated from the arterial hematocrit 
and the dye-decrement plasma volume. The data suggest, accordingly, that 
the conventional calculation of total cell volume from the plasma volume and 
the arterial hematocrit yields a false high value ; and that about half the error is 
due to overestimation of the plasma volume by the dye-injection method, 
about half to overestimation of the total body hematocrit from the hematocrit 
of arterial blood. 

The total bod 3 '’ hematocrit, as obtained from the dj^e-decrement value for 
plasma volume and the hematocrit-change method for cell volume, was found to 
average about 85% of the arterial hematocrit, with e.xtreme values of approxi- 
mately 75 and 92% in a small series. 
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Inorganic sulfate is formed during the metabolism of the sulfur-containing 
amino acids. Although its exact functions are not well understood, the body 
nevertheless maintains a basic store of circulating sulfate at all times. Its plasma 
level, although low, is fairly constant, being maintained in the normal dog within 
limits of 1.2 and 1.8 millimols per liter. The maintenance of plasma concen- 
tration within these limits is brought about by renal mechanisms, an under- 
standing of which is requisite for a complete picture of the renal regulation of 
electrolyte balance. Since the sulfate ion has been shown to be completelj^ 
filterable through the glomerular membrane (5, 4), the stabilization of its plasma 
concentration depends, fundamentally, upon its tubular reabsorption, for upon 
the characteristics of this process depends the balance between its conseiwation 
and elimination by the kidneys. 

The urinary excretion of sulfate was studied in man by Hayman (5), who 
found that following the intravenous administration of sodium sulfate, the urine 
plasma concentration ratio of sulfate approached but never quite reached that of 
creatinine. This was cited as evidence that some sulfate was reabsorbed by the 
tubules. In the dog, Goudsmit, Power and Bolhnan (4) found that at elevated 
concentrations of sulfate in the plasma, the sulfate clearance approaches, as an 
asymptote, the creatinine clearance. They too inferred that some suEate was 
reabsorbed by the tubules and although they did not analyze their data to prove 
their point, they indicated that the rate of reabsoiption of sulfate was limited at 
high plasma-sulfate concentrations. More recently the problem was re-investi- 
gated in the dog by Schwartz, Smith and Winkler (15), who reached the opposite 
conclusion, namelj", that the capacity to reabsorb sulfate increases direct!}" with 
the quantity filtered through the glomeruli. Their experiments were complicated 
by wide variations in urine flow, rapid changes in serum sulfate concentration 
and progressively declining rates of glomemlar filtration. These factors render 
their conclusions open to question. 

The experiments presented below were pei-formed in order to study the charac- 
teristics of the renal tubular reabsoiption of inorganic sulfate in the normal dog. 
They indicate that the capacity to reabsorb sulfate is limited, and under normal 
conditions is unaffected by changes in the rate of reabsorption of other electrolytes, 

^Methods. ExjDeriments were performed on two female mongrel dogs trained 
to lie with loose restraint on a comfortable animal table. Urine collections were 

' This study was aided by grants from the John and Mary R. Marklc Foundation and tlic 
United States Public Health Service. 
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made with an indwelling catheter. The collection periods were 10 minutes long, 
and when the urine flow was less than 10 ml. per minute, the bladder was washed 
with distilled Avater and the Avashings added to the original urine. A Iflood 
sample Avas draAAm from the jugular Amin at the midpoint of each collection period, 
o.xalated and centrifuged for. plasma anafyses. Infusions AA-ere administered con- 
tinuously saphenous Amin at rates of 3, 4 and 10 ml. per minute. Each in- 
fusion A\-as alloAved to ran for 20 minutes before the experimental periods AAmre 
begun to alloAA’’ plasma concentrations to become nearl}’^ constant. The infusion 
mi.xtures, AA'hich AAmre made isotonic Avith glucose, contained creatinine for the 
measurement of glomerular filtration rate and A-ar3’’ing amounts of sodium sulfate 
accoi-ding to the plasma concentration of sulfate desired. Water aabs ghmn in 
amounts of 50 ml. per kilo of body AAmight approximately one hour before the 
experiment to insure adequate hydration. Creatinine Avas determined on ii’on 


Table 1. Experiment on a normal dog showing relation between amount of inorganic 
sulfate filtered through the glomeruli and amounts reabsorbed by the tubules 
and excreted in the urine 


j 

TOTAL CON» j 

USING FLOW 

OLOMESULAR 

riLTRATION 

INORGANIC SULFATE 

i 

RATE 

Plasma 

Urine 

Filtered 

Excreted 

Reabsorbed 


E.xperiment 5; Dog 1 


min. 

ml.lmin. j 

mllmin. \ 

m^[/L \ 

mil/L 

mlllmin. \ 

mll/min. 

mllfmin. 

SO Jnfuse0.0%Na2SO4iSmLperminitte \ 





100-110 

2.S 

59.2 

1.62 j 

0.638 

0.096 

0.002 

0.094 

110-120 

3.8 

62.0 

1.62 

0.386 

0.100 

0.001 

0.099 

122 Infuse 2.0% NaiS 04 t 3 7nL per minute 





140-150 

! 5.6 1 

59.6 1 

2.92 i 

9.46 

0.174 i 

0.053 

0.121 

150-160 

! 6.3 

59.9 

3.80 i 

11.5 

0.228 

0.104 

0.124 

162 Infuse S. 7% NaSOi, 3 ml. per minute \ 





190-200 

6.8 

70.6 

8.28 

66.7 

0.585 

0.454 

0.131 

200-210 

6.7 

71.1 

9.50 

81.5 

0.675 

i 0.546 

0.129 


filtrates of plasma (17) and diluted urines by the method of Folin and Wu (2). 
Sulfate was precipitated by benzidine from trichloracetic acid filtrates of plasma 
and urine and determined by alkalimetric titration according to the method of 
PoAA'er and Wakefield (13).- Phosphate A\ms determined on plasma and urine by 
the method of Fiske and SubbaroAA' (1) as modified by Pitts (8). Chlorides AAmre 
analyzed in plasma and urine bj’’ the Volhard titration after open Carius digestion 
as described bj’’ Van Slyke (7). All colorimetric analyses AAmre made with an 
EAmlyn photoelectric colorimeter. 

Results. Reabsorption and excretion of inorganic sulfate as a function of 
plasma sulfate concentration. The relation betAAmen the quantities of sulfate 
filtered, excreted and reabsorbed and plasma sulfate concentration is illustrated 

- In those experiments in Avliich sulfate and phosphate were simultaneously administered, 
phosphate w’as not removed prior to sulfate determination. Preliminary studies had shown 
that the rccoA'ery of sulfate was 100% in the presence of appreciable quantities of phosphate. 
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in the experiment of table 1. It is evident from the second turn columns that 
rate of glomerular filtration and urine flow were mtliin a physiologic range 
throughout the experiment. For the 12 hours preceding the experiment food was 
withheld, and as a result plasma sulfate concentration was at the control level of 
1 .62 millimois per liter. As a consequence of this low plasma concentration, the 
quantity of sulfate filtered was small, amounting to only 0.100 millimol per 
minute. Of this amount filtered, essentially all Was reabsorbed, onty traces 
appearing in the urine. Plasma sulfate was then progressively elevated by the 
intravenous infusion of sodium suKate. It is seen that in the next four periods 
the plasma sulfate concentration exceeded the normal value of 1.62 millimois per 
liter, ranging from 2.9 to 9.5 millimois per liter in the last period. Reference to 
the last column shows that during these periods the quantit}’’ of sulfate reabsorbed 
remained nearly constant at 0.12 to 0.13 millimois per minute. All of the sulfate 
filtered over and above the limited quantity reabsorbed was excreted in the urine. 
This experiment indicates that there exists a threshold above which the rate 
of tubular reabsorption of sulfate becomes constant, whereas the excess fil- 
tered is quantitatively excreted. In figures 1 and 2 the quantities of sul- 
fate reabsorbed and excreted are related to the quantity filtered, i.e., the quan- 
tity presented to the tubules in the glomerular filtrate. Figure 1 represents 
the grouped data of 31 similar clearance periods on dog 1, and figure 2, 29 clear- 
ance periods on dog 2. It is seen in figure 1 that when the quantity of sulfate 
filtered was below 0.1 millimol per minute, all filtered was reabsorbed and essen- 
tially none appeared in the urine. But as the quantity filtered exceeded 0.1 
millimol per minute, the quantity reabsorbed remained almost constant at a 
value that averaged 0.1 millimol per minute. The excess that was filtered over 
and above this limited amount reabsorbed was excreted in the urine. A limi- 
tation of reabsoiptive capacity is evident from these data. In the data of figure 
2 it is apparent that tubular reabsorption of sulfate was essentially complete 
when the quantity filtered remained below 0.05 millimol per minute. Above 
this amount, a constant rate of reabsoiption was rapidly attained which 
amounted to 0.05 millimol per minute. It is evident that this dog I'eabsorbed 
on an average 0.05 millimol per minute less than the preceding one. However, 
a limitation of reabsoiptive capacity is here equally apparent. Such quanti- 
tative differences as are evident in the reabsoiptive capacities of these two dogs 
are no doubt expressions of individual variations in renal function. The limi- 
tation in the rate of tubular reabsorption of sulfate is reproducible in any one 
individual from day to daj' and constant over a wide range of plasma sulfate 
concentrations. 

The results of 64 clearance periods on the two dogs are presented in figure 3 
in which the sulfate/creatinine clearance ratios are plotted against plasma-sulfate 
concentration. It is apparent that the sulfate clearance rapidly increases as 
plasma-sulfate concentration is elevated above normal. The glomerular clear- 
ance represented by the dotted line is approached as the asymptote and appar- 
ontlj’’ reached at infinitely high concentrations of sulfate in the plasma. These 
findings are in agreement with those of Goudsmit, Power and Bollman (4). 
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The instahiiity of the sulfate reabsorptive mechanism during periods of increased 
chloride excretion. It has been shown that the tubular reabsorptive mechanisms 
for chloride and bicarbonate ions are interrelated (9). The capacitj'’ to reabsorb 
bicarbonate is reduced by an increased rate of chloride reabsorption, and vice 
versa an increased rate of bicarbonate reabsorption reduces the capacity of the 
tubules to reabsorb chloride. Previous obseiwers (15) have noticed that the 




Fig. 1 . Quantities of inorganic sulfate excreted and reabsorbed as a function of the quan- 
tity filtered. Dog 1. Black dots, reabsorbed; circles, e.vcreted. 

Fig. 2. Quantities of inorganic sulfate excreted and reabsorbed as a function of the quan- 
tity filtered. Dog 2. Black dots, reabsorbed; circles, excreted. 

Fig. 3. Sulfate: creatinine clearance ratios as a function of plasma-sulfate concentration. 
Data were derived from 64 clearance periods on two dogs. Circles, experiments on dog 1; 
dots, e.xperiments on dog 2. 

simultaneous administration of sodium chloride and sodium sulfate enhances the 
excretion of sulfate. This obseivation suggests a possible tubular interaction 
between sulfate and chloride similar to that for chloride and bicarbonate. 
Experiment 22, table 2, presents an experiment designed to investigate this 
possibilitj^ B}' the administration of sodium sulfate, plasma sulfate concen- 
tration was maintained at a constant level, sufficienth" high to saturate the 
sulfate reabsorptii’-e mechanism. Sodium chloride was then infused in a 5% 
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solution in order to elevate plasma chloride concentration. Note that this 
quantity increased from normal levels of 92.0 millimols per liter in the control 
periods to 140.0 millimols per liter in the last period. Reference to the last 
column shows that there was a significant increase of about 27% in the reab- 
sorption of chloride in the second three periods. This increase in chloride 
reabsoiption was the result of the increase in glomerular filtration rate (6) that 
occurred as a consequence of the infusion of hypertonic sodium chloride. The 
significant result of this experiment rvas the decrease of approximate!}’- 50% in 


Table 2. Experwienis ilhislraling the interrelationships between the tabular reabsorp- 
tive mechanisms for chloride and inorganic sulfate in the dog 


TOTAL 


GLOMEE* 

ULAR 

PLASMA 

1 URINE 

SULPATE 

CHLORIDE 

CONCURRENT 

TIME 

1 PLOW 

PILTRA- 

TION 

RATE 

j Sulfate 

Chlo- 

ride 

Sulfate 

Chlo- 

ride 

Fil- 

tered 

Ex- 

creted 

1 Reab- 
sorbed 1 

Fil- 

tered 

Ex- ! 
creted 1 

Reab- 

sorbed 

Experiment 22; Dog 2 

min. 

ml./ 
i min. 

ml./ 

1 min. 

mil.lL 

mM./L 

mil./L 

mM/L. 

mil/ 

min. 

mil/ 

min. 

mil/ 

min. 

mil/ I 
min. 

mil/ i 
min. 

mil/ 

min. 

60 Infuse 0 . 5% NoiSO^, 0 . 0% NaCl; 10 

ml! min. \ 


1 


1 


80-90 1 

5.2 

36.7 

3.85 j 

94.0 

18.4 1 

2.80 

.141 



3.45 

.014 

3.44 

90-100 

5.5 

36.3 

3.95 1 

92.0 

17.9 

2.00 

.143 

Bi 


3.34 

.011 

3.33 

100-110 

6.4 

37.4 

4.02 

92.2 

16.1 

3.60 

.151 

mm 


3.45 

.023 

3.43 

113 lnfuse0.5%NatSOi,< 

5.0% NaCl; 10 ml/ min. 


i 




135-145 

19.5 

46.3 

3.72 

120.6 

1 7.35; 

83.4 

.172 

.143 


5.60 

1.62 

3.98 

145-155 

16.9 

49.2 

3.62 

129.8 


122.4 

.178 



6.40 

2.06 

4.34 

155-165 

16.7 

48.0 

3.75 

140.0 

9.30 

151.8 

.182 

.155 


6.79 

2.54 

4.25 


Experiment 23; Dog 2 


60 Infuse 0.5% Na-.SOi, 0.0% NaCl; 10 ml/min. 

1 

i 





80-95 

1 5.5 1 

38.7 

1 2.87 

97.0 

14.3 

5.20 

.111 

.079 ' 

.032 

3.75 

.028 

3.72 

100-110 

1 

38.8 

2.98 

95.4 

12.5 

5.20 

.116 

.089 

.027 

3.70 

.037 

3.66 

110-120 

1 7.9 

1 37.2 

1 3.37 

1 96.6 

11.5 

9.20 

.125 1 

.091 

.034 

3. -60 

.073 

3.53 

125 Fed meat 











375 Infuse 0.5% NanSO^j 0.0% NaCl; 10 nil/ntin, \ 






395-405 

10.3 

44.7 

3.12 

101.4 

11.5 

11.8 

.140 

.118 

.032 

4.51 

.121 

4.39 

405-415 

9.4 

43.1 

3.30 i 

100.8 

11.4 

7.20 

.142 

.107 

.035 

4.35 

.068 

i 4.28 

415-425 

7.5 

39.7 

3.37 

100.2 

13.3 

1.20 

.134 

.100 

.034 

3.97 

.090 

3.88 


the capacity of the tubules to reabsorb suKate that occurred in the last three 
periods. In view of the conditions of this experiment, there are two possible 
explanations for this finding. First, the'depression of sulfate reabsorption could 
have occurred as a specific effect of the increase in the tubular reabsorption of 
cldoride, i.e., that the chloride and sulfate ions could have competed for a common 
reabsorptive mechanism. Second, the depression in sulfate rcabsorption could 
have occurred as a non-specific osmotic effect consequent upon the appearance of 
large quantities of sodium and chloride ions in the glomerular filtrate. If one 
were able to effect an increase in the rate of reabsorption of chloride without a 
concomitant increase in chloride excretion, it would be possible to differentiate 
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these possibilities. Accordingly, e.xpcriment 23 in table 2 was done. Plasma 
chloride remained normal throughout. The rate of reabsorption of chloride was 
increased b}'’ increasing the rate of glomenilar filtration through the feeding of 
meat. Plasma sulfate was elevated to levels comparable with experiment 22 
and three control periods were taken. Two pounds of lean beef were fed and 
four hours later three identical periods were run. The increase in the rate of 
glomerular filtration that occurred as a result of this procedure ^vas comparable 
to that which occurred in the previous experiment. In like manner, an increase 
of 21% in the rate of reabsorption of chloride compares favorably with the 
27 % increase in this function in the previous expei-iraent. It is striking, however, 
that in experiment 23 the reabsoiption of sulfate remained remarkably constant 
during all six periods, in spite of the increased rate of chloride reabsorption. The 
difference between the two e.xperiments lies in the fact that in the second one 
there was an increase in the rate of reabsoiption of chloride without a concomitant 


Table 3. An experiment on a normal dog that illustrates the independence of (he tubular 
mechanisms for the reahsorption of inorganic sulfate and inorganic phosphate 


TOTAL 

COKCDBEENT 

TIME 


ORINE 

FLOW 


CtOlIEE- 

OLAR 

FILTRA- 

TION 

RATE 


PIASMA 

tmiNE 

srxrATx 

Sulfate 

Phos- 

phate 

SuUate 

Phos- 

phate 

Fil- 

tered 

Ex- 

creted 

Reab- 

sorbed 


PHOSPHATE 


Fil- 



tered 




E.xperiment 17; Dog 1 


min» 

mlj 

min* 

i ml/ 

1 min. 

mil/L 

mU/L 

millL 

mM/L 

pt}(/ ; 
min. ; 

mil/ 

min. 

mil/ 

min. 

mis/ 
min. ! 

miS/ , 
min. 1 

mif/ 

min. 

50 Infuse C 

1.0% jVajSOj, phosphate O.OOOM, creatinine 0.68%,; at 4-0 ml. per minute 

110-120 i 

5.8 I 

70.5 

1.25 

.74Sj 

.903j 

0.00 I 

.088 

.005 

.083 

.053 

.000 

.053 

120-130 

5.5 

64,5 

1.24 

.780, 

.553 

0.00 

.080 

.003 

.077 

.050 

.000 

.050 

130-140 

5.7 

64.8 

1.21 

.5981 

.517i 

0,00 j 

.078 

.003 

.075 

.039 

.000 

.039 

165 Infuse 0.0% lia^SOt. phosphate 0.034M, Creatinine 0.62%o; at 4.0 ml. per minute 

175-185 

10.2 

78.2 

1.13 

1.78 

! 1.22 

3.77 

I .088 

' .012 

.076 

! .139 

.038 

.101 

185-195 

9.6 

76.2 

1.10 

1.9S 

.935 

4.63 

! .084 

.009 

.075 

.151 

.044 

.106 

195-205 

8.5 

76.6 

1.10 

! 2.15 

.745 

5.84 

.080 

.006 

.074 

.164 

.049 

.115 


change in the rate of chloride excretion. • Thus this experiment differentiates the 
explanations for the results of e.\periment 23 and indicates that the chloride and 
sulfate ions do not compete for a common reabsorptive mechanism. The 
depression in the capacity of the tubules to reabsorb sulfate in experiment 22 
must be explained as a non-specific effect of the chloride ion. The exact nature 
of this action is not clear; however, a theoretical discussion will be presented 
below. 

Independence of the reahsoiptive mechanisms for sulfate and phosphate. In table 
3 an experiment is presented which illustrates the independence of the mech- 
anisms for the tubular reabsoiption of inorganic sulfate and inorganic phosphate. 
Plasma-sulfate concentration was normal and fairly constant throughout. After 
three control periods phosphate was infused in amounts sufficient to cause a 
marked elevation in phosphate reabsoiption. It is seen from column 10 that the 
rate of tubular reabsoiption of sulfate remained remarkably constant throughout. 
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These results demonstrate that the reabsorptive mechanisms for sulfate and 
phosphate' are separate and in no Avay interrelated. 

Discussion. From the data presented in this paper it is evident that there is 
a plasma threshold for sulfate, below which the kidney salvages essentially all of 
the sulfate filtered and allows only traces to appear in the urine. With but 
slight elevations in plasma sulfate concentrations, or even with increases in 
filtration rate, the plasma threshold is rapidb'- exceeded, a maximal reabsorptive 
capacity for sulfate is attained, and any further sulfate that appears in the 
glomerular filtrate is quantitatively excreted in the urine. These characteristics 
of the renal mechanisms that handle sulfate are apparent from the graphs in 
figures 1 and 2. The properties of the sulfate reabsorptive mechanism fit it for 
its function of stabilizing plasma-sulfate concentration. The reabsorption of a 
constant amount of this ion assures the conseiwation of a basic store of circulating 
sulfate at all times. The rapid elimination of any excess tends to prevent undue 
expansions of sulfate in the body fluids. This latter characteristic is especially 
important for the bodily economy. For since the Sulfate ion acts as a strong 
acid, it requires its full complement of base, and any increase in its concentration 
in the extracellular fluid brings about a depletion of the alkali reserve with serious 
derangement of the acid -base balance of the body. 

Under normal conditions the capacity of the renal tubules to reabsorb sulfate 
is limited and independent of changes in glomenilar filtration and the rates of 
reabsorption of other ions. These findings signify that inorganic sulfate is 
handled in a specific fashion different from the other electrolytes by an active 
type of tubular mechanism. The sulfate reabsoiptive mechanism thus exhibits 
characteristics similar to those that handle glucose (16), amino acids (10, 11), 
inorganic phosphate (12) and ascorbic acid (3,14), in which a limitation of reab- 
sorptive capacity is felt to be dependent upon limited quantities of some tubular 
components utilized in the reabsoiptive processes. The depression of sulfate 
reabsoiption that occurs when chloride ion is in high concentration in the tubular 
urine might be explained in the following waj^ An increase in the total ionic 
strength of the tubular urine might make so steep the osmotic gradient against 
which sulfate must be reabsorbed that the tubular cells are no longer able to 
deliver sufficient energy to meet the increased osmotic demands. Such an ex- 
planation supposes that there exists in the reabsoiption of sulfate an ‘osmotic 
ceiling’ against which the tubules are unable to work. Thus the capacit 3 ' of the 
tubules to reabsorb sulfate would be limited by the same type of osmotic ceiling 
that limits the reabsoiption of water. Anj’- explanation is at present pure spec- 
ulation, and the solution of the problem must await further metabolic and 
thermodjmamic studies on the tubular cell. 

SUJIMARY 

1. The renal tubular reabsoiption of inorganic sulfate has been studied in 23 
experiments on two dogs over a range of plasma-sulfate concentrations of 1.2 to 
20.0 millimols per liter. 

2. It lias been obseived that sulfate is reabsorbed bj' an active Upie of mech- 
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anism which exhibits a limitation of reabsorptive capacity. Under conditions of 
normal plasma sulfate and normal rates of glomerular filtration, --there is quanti- 
tative reabsorption of all sulfate in the glomerular filtrate. .’With any slight 
increase in the tubular load, the reabsorptive capacity is rapidl}’' exceeded and 
the excess is excreted in the urine. Thus the renal threshold for sulfate is very 
sharp. 

3. Under normal conditions the reabsorptive mechanism for sulfate is inde- 
pendent of those of chloride and phosphate. 

4. Associated with the infusion of hypertonic sodium chloride there is a marked 
decrease in the capacity to reabsorb sulfate. This is felt to be a non-specific 
osmotic effect consequent upon the appearance of large quantities of sodium and 
chloride ions in the glomerular filtrate. A theoretical discussion of this effect 
has been presented. 

The author wishes to express his thanks to Dr. Robert F. Pitts for his many 
helpful suggestions, and to ]\4r. Raymond Cottet for his help in the performance 
of the experiments. 
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Peripheral visual acuity in groups of subjects selected at random has been 
measured by the writer under various experimental conditions including photopic 
illumination (1), scotopic illumination (2) and moving test objects (3). A 25- 
hour course of training by controlled practice yielded test scores obtained by 
the same technique before, during and after the training (4, 5). Included in 
this study were acuity scores obtained by a technique in which a shutter timed 
at I second was interposed in the line of peripheral vision. Both before and 
after training these scores showed weaker acuity than was observed in tests 
using a technique which presented the test object for an unlimited exposure 
time. This suggested a systematic investigation of the effects of limitation of 
stimulus exposure time on peripheral form acuity. The results of such an inves- 
tigation are reported in this paper. 

Apparatus. All tests were made in a black cloth booth which extended 
beyond the limits of the subject’s visual field. A 25 cm. perimeter illuminated 
by a 60 w. Mazda daylight bulb was used. The brightness of the white back- 
ground surrounding the test object was 13.7-14.0 millilamberts. Photograph- 
ically printed Land olt circles with breaks of 10, 9, 8, 7, 6, 5, 4, 3, 2|, 2, 1|-, 1, 
and { mm. were the test objects. The contrast between the black test object 
and the white background Avas 97%. An Ilex ^4 shutter was interposed in 
the line of peripheral Ausion so that the test object Avas exposed only Avhen the 
shutter was open. The test objects AA’^ere interchangeable and Avhen mounted 
could be rotated around their OAvn center on an axis passing along the line of 
peripheral vision to the subject’s eye. The mechanism of rotation was so regula- 
ted that, at the moment of presentation, the break in the circle pointed either 
up, doAvn, right or left. 

Methods. The peripheral visual acuity of 55 subjects selected at random 
Avas measured monocularly on the horizontal meridian in both eyes, the left 
ej’^e ahvays being tested firet. Angular dcAuations from the line of central vision 
Avere 20°, 30°, 40°, 50° and 60°. The shutter Avas set for exposures of 1, 4 ^ 

find x&i; sec. progressNely in that order, a measure for all 5 angular deviations, in 
the order named, being obtained Avith each timing of the shutter. This procedure 
resulted in 20 scores for each eye. During testing the subject tripped the shutter 
by cable release at a signal from the operator, AA’ho had previous^’- set the lest 

' The work described in this paper was done under a contract betAveen the Ofiice of NaA'al 
Research and The Johns Hopkins University (Contract N60nr-243, Task Order III, Johns 
Hopkins University). 
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object in one of the 4 possibie positions mentioned above. The subject then 
signaled the position he believed the test object to be in. On repeated presenta- 
tions of anj’- size test object 4 consecutive correct answers before the second 
wrong one constituted the required success criterion. The subject’s score was 
the midpoint between the size (in mm.) of the break in the smallest circle with 
which the success criterion was attained and the next smallest circle (on which 
the subject failed). 

Results. The mean scores of the group of 55 subjects are presented in table 
1. The mean acuity becomes weaker (numerically larger score) as the angular 
deviation at which the measure was obtained increases. A decrease in acuity 
occurs as stimulus e.\posure time decreases. The mean scores of table 1 are 
subject to certain limitations. The 20° points are likcty to be unreliable because 

Table 1. Simple form acuitij in the retinal periphery under conditions of flash presentation 
in 55 subjects: Means arc expressed in nuji. in break of Landolt circles 


Sum 

Right 


IS. 4 


26.0 


30.1 


34.4 


108.9 

Total 


nxv. 

TIME 


see, 

1 


Number of failures 
Mean 


Number of failures 
Mean 


FIRST EYE (tETT) 


Angular Deviation 


20 ° 30 ° 40 ° 50 ° 60 ' 


/ 

2.4 


1 

2.9 


0 

2.1 


1 

3.2! 


0 

2.9 


4.7 


3 

4.21 


13 

6 . 8 ; 


8 

6.3 


36 

9.2 


Sum 

Left 


17.9 


26.8 


SECOND EYE (hICBT) 


Angular Deviation 


20 ° 1 30 ° 40 ° 50 ° 60 ' 


0 

1.7 


0 

2.5 


0 

2.2 


0 

2.9 


0 

3.1 


1 

4.1 


1 

4.4 


17 

7.2 


18 

7.0 


36 

9.3 


Number of failures 
Alcan 


0 

3.4| 


1 

3.7 


4 

5.4 


18 

7.61 


43 

9.9 


30.0 


£1 

3.01 


1 

3.81 


5.4 


23 

8.21 


9.7 


Number of failures 
Mean 


1 

4.1 


2 

4.7 


■9 I 

6.81 


34 

9.1 


52 

10.2 


34.9 


0 

3.6 


0 

4.6 


9 

7.0 


33 

9.1 


46 

10.1 


Sum of means 


12.8 


13.7 


19.8 


27.7 


35.6 


109.6 

Total 


10.8 


13.5 


19.6 


28.9 


36.1 


of the close proximity of the blind spot. Since the Landolt circle is rotated 
the break may fall on the blind spot. This Avas noticeable at 20° when the break 
pointed toward the line of central vision (right in the left eye ; left in the right eye) , 
andAvas nearer the line of centi-al vision by one half the diameter of the circle. Dif- 
ficulty on the first measure obtained (20°, 1 sec.) Avas noticeable especially on 
this position. This, coupled Avith the neAvness of the technique, caused a depres- 
sion of the mean acuity obtained at this point. However, subjects apparently 
learned to compensate for this difficulty quite easilj'' since the remainder of the 
20° points in that eye and the comparable 20° point in the second eye tested 
(right) did not measure as poorly. Another feature complicating the 20° meas- 
ures is the possible existence of poor central Ausion in the e 3 'e being tested. This 
is believed to haA-e little or no effect on the acuity of areas 30° or more from the 
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line of central vision, but at 20° probably operates with noticeable effect. There- 
fore some alteration of the scores is to be expected at 20°. Further limitation 
of the mean scores here presented is traceable to the fact that a 10-mm. circle 
is the largest used. When failure occurred on size 10 a score was recorded, 
representing success on a hypothetical size 11. This number (10.4) is doubtless 
too small, especially when a large number of the group of subjects fail ^ 10. 
Under circumstances where the acuity is Aveak, as in areas far removed from the 
line of central vision and AA’hen a short exposure time is used, the mean acuity 
recorded in table 1 is better (numerically too small) than it actually is. The 
number of failures on size fjl 10 is recorded in the appropriate boxes in table 1. 

The various subtotal scores presented in table 1 point up the differences caused 
by angular deviation and time of exposure already noted in the individual mean 
acuities. These subtotals are less susceptible to distortion by the totals for 
the 20° points. The decreased exposure times caused the greatest numerical 
loss between 1 and ^ second in both eyes. Less change was observed betAveen 
i and sec., Avith a slightlj* greater decrease betAA'een ^ and x-q-o sec. in both 
eyes. Acuity losses Avere greatest in the 40°-60° interval of angular deviation 
from the line of central vision in both eyes Avith the least change occurring be- 
tAA-een 20° and 30°. Are these differences betAA’^een the various subtotal scores 
true differences due to the specified changes in the experimental situation or 
are they due to chance alone? This question has been investigated by 
calculation of the critical ratio between the subtotal scores of consecutively 
measured angular deviations (20°, 30°, 40°, 50°, and 60°) and consecutively 
measured exposure times (1, i, and sec.) by customary formulae 
(6, pp. 58-61). In the left eye all critical ratios except that betAveen 20° 
and 30° Avere higher than 5, indicating, Avith a probability of 0.99+ , that the 
obseived difference was due to controlled differences in the experimental situa- 
tion. The critical ratio betAveen the 20° and 30° subtotals in the left eye Avas 
1.2, yielding a similar probability of 0.89, but this figure is too Ioav to be accept- 
able. In the right eye the critical ratio of the same subtotal scores Avas 5 or 
above in all cases, yielding a probability of 0.99+ , Avhich rules out chance deter- 
mination of the differences. BetAveen 20° and 30° in this eye the critical ratio 
Avas 5.0. The difference betAveen the critical ratios in the tAvo eyes reflects the 
initial difficulty experienced by the subjects at 20° points because of the presence 
of the blind spot, AA'hich difficulty had been compensated for by the time the 
second (right) eye Avas tested. In this connection it it notable that the difficulty 
Avith 20° points is found chiefly in the first point tested, 20° at 1 second exposure. 
It appears from the above eAudence that both a 10° increase in the angular deAua- 
tion of the test object from the line of central Ausion and the specified decreases 
in the exposure times cause significant differences in peripheral visual acuit 3 ^ 
This conclusion is further supported by an analysis of A'^ariance into 4 components 
bj' the method recommended bj’" Lindquist (7, chap. 5). This type of analysis 
extracts the A^aiaance of the data under four headings: a) angular deAuation 
A'ariance, b) exposure time A'ariance, c) remainder variance and d) variance of 
scores Avithin each cell. The ratios betAA’een n) and c), and b) and c) were much 
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greater than that required for significance at the 1% level of confidence. The 
ratio between c) and d) was too great to be due to chance. This discrepancy 
is interpreted to be due to lack of ‘parallelism’ in the cuiwes, which in turn may 
be chiefl}'- traceable to the poor 20'’ points and the running off the scale of meas- 
urement on difficult points. This lack of ‘parallelism’ is illustrated in figure 1 
in which the curves are plotted. The foregoing statements hold true for each 
eye. 



Fig. 1. Mean peripheral visual acuity scores in 55 subjects. The acuity is repre- 
sented in terras of the smallest Landolt circle positionally identified. 

Pearson product-moment- correlations were made on various of the subtotal 
scores. Eye-to-eye correlations of subtotal scores of each angular deviation and 
each exposure time yielded coefficients of from 0.48 to 0.73 without any notable 
features. The eye-to-eye correlation of the total score for each eye was 0.70 
which, when corrected by the Spearman-Brown formula to 0.82, may be inter- 
preted as the reliabilit}’- of the entii-e test. . Subtotal scores, consisting of the 
total of all scores in both e 3 '-es at each angular deviation and each e.xposure time. 
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when correlated Avith tire total score for both eyes revealed the 20° points to be 
the poorest '.(r = 0.53) with the 60° points (r = 0.78) and the 1 sec. points (r = 
0.82) lower than the remainder of the coefficients rvhich averaged about 0.90. 
The inter-correlations of the various subtotal scores for angular deviations and 
exposure times rvithin each eye which were obtained during the calculation of 
the critical ratios yielded poor coefficients for the 20° points, especially in the 
left eye (r = 0.41 to r = 0.08). Otherwise no notable features were revealed. 

The spontaneous fluctuation which characterized earlier measures of acuity 
was evident and a measure of it was extracted from the scores by a method com- 
parable to that previously used' (4, 3, 5). The mean percentile steadiness of the 
total perfonnance of the subjects ivas about 80. Calculation of the percentile 
steadiness for the 4 exposure times revealed the percentile steadiness at 1 sec. 
to be 73 ; at J sec., 77 j at sec., 80 ; and at xcw sec., 87. At the various angular 
deviations the percentile steadiness at 20° was 67 ; at 30°, 70; at 40°, 82; and at 
50°, 84. The above figures are derived from the scores of both eyes. 

Discussion. Since the data here reported were collected by methods used for 
previous experimentation, differing onty by specified experimental conditions, 
they are comparable to the results of those experiments. The trend in our pres- 
ent data tOAvard poorer acuity Avith limited exposure time is strengthened by 
comparison Avith acuity measures at 30° 'and 60° on the horizontal meridian Avith 
unlimited exposure time (1). Here at 30° the mean acuity in the first eye tested 
(left) Avas 1.5 and at 60°, 4.9. In the second eye tested (right) it Avas 1.1 at 30° 
and 4.6 at 60°. Both sets of acuities are better than the present comparable 
measures Avith 1 sec. exposure. The acuities obtained at the same points Avith 
scotopic illumination (2) AA^ere 3.7 at 30° and 7.5 at 60° in the first eye (left) and 
3.4 at 30° and 7.5 at 60° in the second eye (right). The above 30° measures are 
most closely comparable to present photopic 30° measures taken at sec. expo- 
sure, indicating that, in bright light at 30° on the horizontal meridian, the eye 
can perceiAm as much detail in sec. as it can Avith unlimited exposure in dim 
light. At 60° the scotopic acuity falls betAA^een the present photopic 60° measures 
taken AAuth 1 sec. and ^ sec. exposure, and may be corresponding^ intei-preted. 
Similar comparisons of the present data AA’ith other acuity measures maj'^ be made 
by reference to previous publications (3, 4, 5). 

The percentile steadiness obserA^ed in the present experiment increases as the 
exposure time is shortened, indicating that AAffiatever factor is responsible for 
the instability of peripheral perception operates most effectwelj'' at longer expo- 
sures. HoAA-ever, the above figures do not check aa'cII AA’ith preA’ious measures 
AA’hich shoAA’ed a percentile steadiness of 78 AA’ith unlimited exposure time, and 80 
before training and 79 after training in tests using sec. exposure. The rather 
sharp rise in percentile steadiness betAA'cen 30° and 40° in the present group is 
not understood. 

Notable in the present experiment is the lack of an 3 ' overall tendencA^ to im- 
prove through practice from eye to eye. The total scores of the t.AA’o eyes differ 
b.A' less than 1 %. This contrasts Avjth strong ej’e-to-eye improvement in experi- 
ments in AA’hich unlimited exposure time Avas permitted and supports the pre- 
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vious conclusion (3) that the subject must have time to work out his impression 
of the stimulus position if improvement through practice is to be expected. 

SUMMARY 

(1) Simple form acuity in the retinal periphery was measured in 55 subjects 
on the horizontal meridian under photopic illumination at 5 angular deviations 
from the line of central vision with 4 exposure times. 

(2) A significant decrease in acuit}'- was caused by both increased angular 
deviation and decreased exposure time. 

(3) Acuity measures obtained in the present experiment are compared with 
measures previously obtained with comparable technique. 
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The purpose of this sixth study on the function of the association cells of the 
cerebral cortex was to determine the effect of elimination of various portions or 
all of the cutaneous cerebral cortex on correct, conditioned, differential responses 
of the foreleg with two different sets of cutaneous analysers. By sensory cortex 
is meant the portion that has shown voltage changes as a result of tactile stimula- 
tion. In the first set of tests the positive- and negative-conditioned stimuli con- ‘ 
sisted of stroking t^ left side of the back lightly with a hand brash once per 
second, with and against the grain, and in the second set of tests, the back was 
stroked with the grain once and three times per second. The first and usual 
daily session of tests consisted of 25 trials with the positive-conditioned stimulus 
and 13 trials with the negative-conditioned stimulus. Occasionally these num- 
bers were reveraed. The order of the tests was the same as used in a previous 
study (9). 

Stimuli from other senses were excluded bj’’ the same procedures as were used 
previously. Since hearing should not be impaired by any of these lesions, while 
cutaneous cerebral impulses might be abolished, all errors for the negative-condi- 
tioned stimulus were reprimanded by the command ‘No!’ Frequently during 
the retraining period follomng the operations this command was accompanied 
by a tap, but the tap Avas never used alone as it was during the earlier Avork Avith 
smell and hearing. It should be mentioned that every dog used understood the 
commands ‘No’ and ‘Quiet’. To avoid differences of brash pressure as possibili- 
ties for formation of positwe- and negative-conditioned reflexes, the pressure of 
the brash Avas occasionally varied for a test, but ordinarily pressure Avas main- 
tained as nearly uniform as possible. Also the same area of the back Avas stimu- 
lated, except AA'hen puiposely varied for the Avith- and against-grain stimuli. 

With the exception of lesion A (fig. 1, les. A) cortical destruction Avas accom- 
plished during tAvo unilateral operations. Suction and thermo-coagulation from 
a high frequency current Avere the methods ordinarily used. It is obvious from 
figure 1 that it is difficult to make lesion A Avdthout injury, to' the motor cortex 
in front, but fortunatety for this problem all of the motor cortex situated betAveen 
the cruciate and postcinciate sulci, Avith the exception of the foreleg area on the 
left side, can be destroyed Avithout appreciable effect on the positive-conditioned 
reflex for the right foreleg. In fact, damage to the motor cortex from the lesions 
has resulted in some interesting modifications of the original conditioned re- 
sponse of the foreleg. It is likely that all of the lesions extended .slightlj' be3'ond 
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the boundaries shown in figure 1, even though the suction tube followed the 
margins closety and a 2-mm. space was allowed for spread of the current to the 
border zone. 

Lesion A {fig. 1, les. A). This area, which occupies all of the space between 
the postcraciate and ansatc sulci, was coagulated in dogs 1,2 0x1^8,0x16. sucked 
out in dogs 4 and 5. It represents Adrian’s tactile center for the leg, trunk and 
arm for the opposite side of the body, and Woolsey’s tactile area I for these 
structures. ' ’’ 

The formalin-preserved brains revealed complete destruction of this area on 
both sides for each dog. The brain of dog 8 showed the purposeful destruction 
of the precentral motor area on the left side. The following additional damage 
was indicated: dog 2, foreleg motor area, left side; dogs 1 and 8, hindleg motor 



Fig. 1. Dog’s bhain showing areas of cortical destruction: lesion A, dots-, lesion B, -par- 
allel lines; lesion C, crosses. Abbreviations: Cor.S., coronal sulcus; Cr.S., cruciate sulcus; 
E.Sy., ectosylvian gyrus; P.Cr.S., posterior cruciate sulcus; Sy., sylvian gyrus; S.Sy. Su- 
prasylvian gyrus; V. vein. 

area, both sides; dogs 4 and 5, hindleg motor area, right side; and dogs 1, 4 and 
5, a narrow strip behind the ansate sulcus. March! sections through the medulla 
showed degeneration in the pyramids. This was considerable on both sides for 
dogs 1 and 2, about complete for dog 8, but confined to the right pyramid for 
dogs 4 and 5. Immediatelj’’ after the operation motor defects Avere indicated 
for the right foreleg of dogs 2 and 8, both hindlegs for dogs 1 and 3 and the left 
hindleg for dogs 4 and 5. The cutaneous placing and hopping reflexes Avere 
completely eliminated. 

Results. Two AA-^eeks after the operation dog 4 responded Aidth the positive- 
conditioned reflex during the first trial; dogs 1,2,3 and 6 required 9, 2, 7 and 1 
trials, respectRely, Avith shock punishment before the reflex returned. It should 
be mentioned that dogs 8 and 5 made no responses preAdousb’- to 5 tests that Avere 




CEREBKAL CORTEX AND CONDITIONED RESPONSES 


327 


not shocked. The original quick flexion of the foreleg, involving all joints, 
persisted after the operation with dogs 1, 4 and 5, but it was decidedly altered 
Avith dogs 2 and 3. With dog 2 the reflex consisted of a stiff leg-shoulder move- 
ment. With dog 3 the movement was produced b}’- a rotation of the body in 


Table 1. Conditioned stimuli: brush stroke, with and against grain 


CORTICAL LESIONS 

BEEORE OPER., 
DIFF. FIRST 
APPEARED, 
SESSION NO. 

AFTER OPER., 
DIFF. FIRST 
APPEARED , 
SESSION NO. 

DAILY SESSIONS AFTER 
DIFP. WAS STANDARDIZED 

i 

I TOTAL mmSER OF TESTS | 

CHARACTER OF 
CORRECT CON. 
DIFF. 

RESPONSES 

Pos. 

C tol 

Neg. 

\ I to C 

1 Pos. 

C tol 

Neg. 

I to C 

A 

Dog 1, C 

1st 

1st 

25-0 

0-13 

3S-0 

0-38 

Good 




13-0 

0-25 




Dog 2>, C 

1st 

1st 

25-0 

0-13 

74-2 

2-75 

Good 


1 


13-0 

0-25 


- 


Dog 31 , C 

1st 

1st 

25-0 

0-13 

3S-0 

0-38 

Good 


1 


13-0 

0-25 

1 



Dog 4, S 

1st 1 

1st 

25-0 

0-13 

38-0 

0-38 

Good 

1 


1 

1 

13-0 

0-25 




Dog 5, S 

1st 

1st 

24-1 

0-13 

310-17 

18-184 

Good 




12-1 

1-24 




A and B 

Dog 6, C 

1st 

1st 


0-13 

375-15 

32-294 

Good 



i 


0-25 




Dog 7, S 

1st 

1st 

25-0 

0-13 

194-6 

11-133 

Good 




13-0 

0-25 1 




Dog 8, S 

1st 

1st 

25-0 

0-13 

551-26 

16-197 

Good 




13-0 i 

1 

0-25 1 

1 




Dog 9, S 

1st 

1st 

i 

24-1 1 

0-13 

350-21 

38-209 

Good 




13-0 

2-23 



i 


DifT. = correct conditioned differential response; Pos. = positive conditioned reflex; 
Neg. = negative conditioned reflex; Oper. = operations; No. = number; C = coagulated; 
S = sucked out; C to I = ratio of correct to incorrect responses; I to C = ratio of incorrect 
to correct responses. 

' A modified conditioned foreleg response after the lesions. 

the harness and no elevation of the foreleg occurred if the neck ivas not supported 
from above by a rope attached to the collar. At first these modified responses 
were apparentlj' elicited ivith considerable difficulty as indicated by increased 
tension and considerable delay in starting a much slower movement. Dog 3 
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barked loudly during each test in which there was an absence of foreleg response. 
Ultimately the altered foreleg reflexes appeared much earlier in the tests and 
served the purpose of this problem as satisfactorily as the usual foreleg flexion. 

It is apparent from column 3 of tables 1 and 2 that dogs 1 to 5, inclusive, 
produced correct, conditioned, differential responses with both sets of cutaneous 


Table 2. Conditioned slinntli: slow and fast brush stroke 


CORTICAL LESIONS j 

i 

BEFORE OPER., 
DIFF. FIRST 
APPEARED, 
SESSION NO. 

AFTER OPER., 
DIFF. FIRST 
APPEASED, 
SESSION NO. 

DAILY SESSIONS AFTER 
DIFF. WAS STANDARDIZED 

TOTAL NUMBER OF TESTS 

CHARACTER OF 
CORRECT CON. 
DIFF. 

RESPONSES 

Pos. 

C tol 

AVj. 

I to C 

For. 

Ctol 

Nen. 

ItoC 

A 

Dog 1, C 

1st 

1st 

25-0 

0-13 

38-0 

1-37 

Good 



- 

13-1 

1-24 




Dog 2>, C 

1st 

1st 

25-0 

0-13 

63-0 

0-51 

Good 




13-0 

0-25 




Dog 31 , C 

1st 

1st 

25-0 

0-13 

3S-0 

0-38 

Good 




J3-0 i 

1 

0-25 




Dog 4, S 

1st 

1st 

1 

25-0 

0-13 

38-0 

0-.38 

Good 




13-0 

0-25 

i 

1 



Dog 5, S 

1st 


25-0 

0-13 

152-1 

5-90 

Good 



1 1 st 

13-0 

1-24 




A and B 

Dog6,C 

1st 

1st 


0-13 

307-9 

35-85 

^ Good 





1-24 




Dog 7, S 

1st 

1st 

25-0 

0-13 

38-0 

0-38 

Good 




13-0 

0-25 




Dog 8, S 

1st 

1st 

25-0 

0-13 

73-5 

0-76 

Good 




13-0 

0-25 




Dog 9, S 

1st 

1st 

25-0 

0-13 

135-3 

11-105 

Good 




12-1 

0-25 





Abbreviations listed and defined under table 1. 

A modified conditioned foreleg response after the lesions. 


stimuli during the first session of tests that followed the last operation. The 
first of the two perfect or practically perfect scores shown in colunms 4 and 5 of 
tables 1 and 2 were records for the first daily session for dogs 2, 8 and 4 and the 
2nd and 5th for dogs 1 and 5. The poor.showing for dog 5 can be attributed to 
the fact that it belonged to the easily inhibited or martyr type. Before the 
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operation this dog had more difficulty than the others in securing perfect tallies 
for a daily session of tests. The summations recorded in columns 6 and 7 dis- 
close an absence of lesion A effects. 

Lesions A and B (Jig. 1, Les. A and B). This area, which includes all of the 
sensory portion of the sigmoid gyras and the coronal gyrus, was coagulated on 
both sides in dog 6 and sucked out on both sides in dogs 7, 8 and 9. It represents 
all of Adrian’s tactile center for the cat with the exception of 2 terminals for the 
feet and all of Woolsey’s tactile area I. 

The formalin-prepared brains revealed complete destruction to the area on 
both sides without serious damage to neighboring and deeper parts. The left 
foreleg area of dog 8, however, may have suffered slight injuiy. Marchi-stained 
sections through the medulla of these dogs showed some degeneration in the 
pyramids, being most pronounced in the left pyramid of dog 8 and the right 
pyramid of dog 9. The immediate motor symptoms were apparently confined 
to the right foreleg of dog 8 and the left hindleg of dog 9. Cutaneous placing 
and hopping reflexes were not obtainable for any of these dogs. 

Results. Two weeks after the last operation the first positive-conditioned 
reflex appeared with the 1st trial with dog 7, the 2nd with dog 6, the 12th with 
dog 8 and the 32nd with dog 9, and each failure of response was punished b5'^ 
shock. Except for a stiff leg-shoulder movement of the foreleg of dog 8, the 
positive-conditioned reflexes were unaltered. They were at first, however, 
slower in appearing and slower in movement. With dog 9 each of the first condi- 
tioned stimuli evoked two or more rapid but normal flexions of the foreleg, which 
were followed or accompanied by a licking of the chops, rapid respiration and 
other movements suggestive of considerable excitation. 

It is obvious from column 3 of tables 1 and 2 that correct, conditioned, differ- 
ential responses were obtained during the first session of tests after the last opera- 
tion for all dogs of this group Avith both sets of cutaneous stimuli. This group 
of dogs, however, differed from the lesion A dogs in that only a 75 to 80% aA’^erage 
of correctness Avas maintained from the 2nd up to the 10th or 15th dail}’- session 
of tests, but from this stage on the perfect scores shown in columns 4 and 5 of 
tables 1 and 2 Avere readily obtainable. The record of the total number of tests, 
columns 6 and 7 of tables 1 and 2, suggest a more serious effect of lesions A and 
B over A alone. In addition, all of the dogs of this group could ultimately make 
perfect scores to a series of alternated positRe- and negative-conditioned tests 
AAuth either set of cutaneous stimuli AA’hen the inteiwal betAA-een tests Avas of 3 
seconds’ duration. 

Lesion C (Jig. 1, les. C). This small area of about 10 mm. in diameter aa'rs 
bilateralfy sucked out in dogs 10 and 11 and bilaterally extirpated AA-ith dogs 12, 
IS and 14- It includes or represents Adrian’s second tactile area for the feet, 
Woolsey’s tactile area II and Tunturi’s 3rd auditor}’- terminal. 

The formalin-prepared brains rcA^ealed this region to haA’^e been completel}’^ 
destroyed Avith little or no damage to deeper or adjacent parts. It is possible 
that in dog 11, where the g5’^ri on the left side AA-ere not Avell separated, that the 
lesion should haA^e extended a little further A*entrad. Most of the Marchi- 
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stained sections through the medulla of these dogs showed some, but not pro- 
nounced, degeneration in the pyramids. 

None of these dogs exhibited motor symptoms. It was reported previously 
(9) that dogs 12 to 14 responded to the cutaneous placing reflex with both fore- 
legs after the lesions. After reviewing my notes for this reflex with these dogs, 
it can be stated that only the first of Bard’s tests was used and the movement 
came only when the leg reached the level of the table top. After noting this 
movement or rebound in dogs 10 and 11 and testing blindfolded with Bard’s 
2nd and 3rd tests, both before and after the lesions, it was apparent that lesion C 
abolished the placing and hopping reflexes. However, these dogs could go up 
and down stairs blindfolded in response to a pull on the leash or the command 
‘Come on!’ 

Results. Two weeks after the last operation, all of the dogs of this group 
were able to respond with the positive-conditioned reflex during the first session 
of tests. With dogs 10, 11 and 12 the reflex appeared during the 2nd, 5th and 
6th trials, all absences of response being punished by shock. Dogs IS and 14, 
not previous^ trained for the positive-conditioned reflex, responded during the 
14th and 15th trials, which is within the upper average required for a normal dog. 

It is apparent from column 3 of tables 3 and 4 that the bilateral destruction 
represented by lesion C prevented return of correct conditioned differential 
responses from the with- and against-grain stimuli with dogs 10 to 14 inclusive 
for 22 to 27 daily sessions of tests (836 to 1026 trials) and for 2 to 25 sessions 
(76 to 940 trials) from the slow- and fast-brush stimuli. It should be mentioned 
that the slow- and fast-brush tests were not started until completion of the with 
and against tests and that the one dog which required 940 tests was inhibited 
with difficulty before the operations. After correct responses had been re- 
established, it required only 2 to 4 sessions of tests with either set of stimuli to 
produce the first of the two perfect scores recorded in columns 4 and 5 of tables 
3 and 4. This performance is rarely surpassed b}'' the average normal dog. 
Columns 6 and 7 of tables 3 and 4 not only reveal the difficulties of these dogs in 
reacquiring these correct, conditioned, differential responses after the lesions, 
but disclose that nearly all of the negative-conditioned tests resulted in foreleg 
reflexes. The occasional absence of response for a negath'^-conditioned test 
was usuall}’' followed or preceded by an absence of response for a positive-condi- 
tioned test. After re-establishment of these correct responses, each dog was 
able to respond correctly to a series of alternated positive- and negative-condi- 
tioned tests, when the interval between tests was of 3 seconds’ duration. 

During the time in which the effects of lesion C prevented correct differential 
responses from cutaneous stimuli, correct responses were always obtainable from 
2 different sets of auditoiy stimuli. In fact, but one set of tests was required 
to establish correct responses for each set of stimuli. 

Another effect to follow this cortical destruction was that the effective area 
for stimulation was no longer confined to a small area on one or both sides of 
the back, but included the entire trunk, shoulder, hip and tail and could also be 
elicited from a tap of the hand in place of the brush stroke. 
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Table 3. Conditioned sti7mdi: brush stroke, reith and against grain 


CORTICAL LESIONS 

BEFORE OPER,, 
BIFF. FIRST 
APPEARED, 
SESSION NO. 

AFTER OPER., 
DIFF. FIRST 
APPEARED, 
SESSION NO. 

DAILY SESSIONS AFTER 
DIFF. WAS STANDARDIZED 

1 TOTAL NUUBEK OF TESTS 

1 

f 

CHARACTER OF 
CORRECT CON. 
DIFF. 

RESPONSES 

Pos. 

Ctol 

Neg. 

I to C 

Pos. 

C to I 

!fes. 

I to C 

c 

Dog 10, S 

1st 

25th 

25-0 

0-13 

739-4 

445-31 

Good 




13-0 

1-24 

1 



Dog 11, S 

1st 

24th 

25-0 

0-13 

510-33 

310-144 

Good 

• 



1 13-0 

0-25 

1 

1 



Dog 12, E 

1st 

22 nd 

25-0 

0-13 

640-23 

264-98 

Good 

■ 


1 

13-0 

0-25 




Dog 13, E 

Not tested 

27th 

25-0 

1-12 

760-4 

412-51 

Good 


1 

1 

13-0 

0-25 




Dog 14, E 

1 

Not tested 

25th 

25-0 

0-13 

765-25 

498-92 

Good 




13-0 

0-25 




-4, B and C 

Dog 15b' S 

1st 

None 26 

24-1 i 

13-0 

629-36 

336-16 

No 




13-0 1 

! 

24-1 

! 

! 



Dog 16b S 

1st 

None 30 

23-2 

11-2 

i 

657-35 

428-22 

No 



i 

15-0 

25-0 




Dog 17, S 

1st 

1 

None 85 

25-0 

1 

13-0 1 

1977-19 

1220-3 

No 




13-0 

1 

25-0 




Dog 18, S 

1st 

None 90 

1 

25-0 ' 

13-0 

2215-4 

1380-1 

No 




13-0 

25-0 



1 

i 


B and C 


Dog 19, S 

1st 

39th 

25-0 ! 
13-0 

0-13 

0-25 

952-4 

574-68 

Good 

Dog 20, S 

1 , ‘ " 5 

1st j 

, 

28th 

25-0 

13-0 

1-12 

0-25 

8S3-22 

417-142 

1 

Good 

i 


Abbreviations listed and defined under table 1 . 

* Dog died from a fall. 

= Bark -UBo'd' for the positive-conditioned reflex. Epileptic convulsions appeared 3 
months after the last operation. 

Lesions A, B-and C (Jig. 1, les. A, B and C). This destraction, accomplished 
OR both sides of dogs 15 to IS, inclusive, by suction, should eliminate all of the 
tactile cortex;:- 



















332 


WILLIAM F. ALLEN 


The formalin-prepared brains of these dogs revealed complete removal of the 
cortical area represented by these lesions with suggestive injuries to the precentral 
motor cortex as follows: dog 17, hindleg area, right side; dog 18, hindleg area, 


Tablk 4. Conditioned slimnli: slow and fast brush stroke 


COETICAI. IXSIONS 

BEFORE OPER., 
BIFF. FIRST 
APPEARED, 
SESSION NO. 

i AFTER OPER., 
DIFF. FIRST 
APPEARED, 
SESSION NO. 

DAILY SESSIONS AFTER 
DIFF. WAS standardized 

TOTAE NUMBER OF TESTS 

CKARACTER OF 
CORRECT COS. 
DIFF. 

RESPONSES 

Pos. 

C tol 

Neg. 

I toC 

Pos. 

C tol 

Neg. 

I toC 

c 

Dog 10, S 

1st 

8th 

25-0 

1-12 

261-2 

104-56 

Good 




13-0 

0-25 




Dog 11, S 

1st 

3rd 

30-0 

1-19 

137-29 

i 16-106 

Good 




13-0 

0-25 




Dog 12, E 

1st 

3rd 

2fi-0 

0-13 

162-1 

22-78 

Good 




13-0 

0-25 




Dog 13, E 

Not tested 

2nd 

25-0 

0-13 

8S-6 

9-50 

'Good ' 




13-0 

0-25 




Dog 14, E 

Not tested 

25th 

25-0 

0-12 

688-0 

317-79 

Good 




13-0 

0-25 





A, B and C 


Dog 16b S 

1st 

None 29 

23-2 

12-2 

12-1 

23-2 

647-64 

328-31 

No 

Dog 17, S 

1st 

None 66 

1 

O O 

13-0 

25-0 

1548-3 

972-3 

No. 

Dog IS, S 

1st 

None 60 

25-0 

13-0 

13-0 

25-0 

1403-1 

875-1 

No 


B and C 


Dog 19, S 

1st 

7th 

25-0 

13-0 

0- 13 

1- 24 

268-2 

107-85 

Good 

Dog 20, S 

1st 

8th 

25-0 

13-0 

0-13 

0-25 

252-27 

65-150 

Good 


Abbreviations listed and defined under table 1. 

^ Bark used for the positive-conditioned tests. Dog developed epileptic convulsions 
and the last 13 sessions of tests were taken with the dog under dilantin. 


both sides (?) and dog 16, foreleg area, left side and hindleg area, both sides. 
Marchi-stained sections through the medulla showed some d^eneration in the 
pyramids. It was scanty with dogs 15 and 16, considerable in the right pyramid 
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of dog 17 and almost complete in both pyramids of dog 16. Immediately after 
the last operation, motor symptoms •were indicated in the left hindleg of dog 17, 
in both hindlegs of dog 18 (?) and in the right foreleg and both hindlegs of dog 16. 
The cutaneous placing and hopping reflexes -were not obtainable for any of these 
dogs -when blindfolded nor would they go up and down stairs. They were super- 
sensitive to a pinch, electric shock or flea bite on any part of the body. Heat 
resulted in a good reflex but no cry. There was a tendency for the feet to shp 
out when turning a comer on a mn or during feeding. 

Results. Two weeks after the second operation, the positive conditioned 
reflex returned imaltered during the first session of tests with all dogs of this 
group but dog 16. "With dog 15 the first positive response followed 11 failures of 
response that were punished by shock and 24 and 6 failures were recorded for 
dogs 17 and 18. It was apparent from the early tests of dog 16 that injury to 
the left motor cortex was preventing the right foreleg response. The dog barked 
loudly with each conditioned stimulus and appeared vexed at the non-movement 
of the foreleg. At this point it was decided to use the bark for the positive condi- 
tioned response instead of transferring the reflex to the opposite foreleg. 

It is apparent from column 3 of tables 3 and 4 that correct, conditioned, differ- 
ential responses were not re-established for dogs 15, 16, 17 and 18 from the with- 
and against-grain stimulation during 26, 30, 85 and 90 sessions of tests or 1017, 
1142, 3219 and 3600 trials, nor afterward from the slow- and fast-brush stimuli 
for dogs 16, 17 and 18, during 29, 66 and 60 sessions of tests or 1068, 2526 and 
2280 trials. All of the scores recorded in columns 4 and 5 of tables 3 and 4 were 
from the last two sessions and were typical. The summary of all tests, columns 
6 and 7 of tables 3 and 4, show that nearly all of the negative-conditioned tests 
resulted in positive responses. IVhen a negative-conditioned test resulted in 
an absence of response, it was usually followed or preceded by an absence of 
response for a positive-conditioned test. 

Unfortunately death from a fall 2 months after the last operation eliminated 
further tests from dog 15. Dog 16, trained for the bark reflex, was seized with 
epileptic convulsions 3 months after the second operation and the last 13 sessions 
of tests with the slow- and fast-brush stimuli were taken with the dog under 
dilantin. It would seem, however, that 5745 and 5880 tests for dogs 17 and 18, 
taken over an interval of about 6 months, were sufficient to demonstrate perma- 
nent abolishment of these reflexes. 

After completing 30 or more sessions of tests with dogs 17 and 18 for each set 
of cutaneous stimuli and not obtaining any sign of correct regionses, they were 
tested for correct, conditioned, differential regionses with two sets of sound 
stimuli, •with the result that the positive-conditioned reflex was acquired with 
the 3rd and 5th trials, and correct differential responses appeared early in the 
first session of tests for each dog from each set of auditory stimuli. The few 
errors that occurred for the negative-conditioned test were reprimanded by the 
command 'No!’ Throughout all of the remaining tests, when correct responses 
were not obtainable for the cutaneous stimuli, they could always be evoked from 
cither set of auditorj' stimuli. 
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Following the second operation it was apparent for all dogs of this group that 
the site for effective stimulation for the positive-conditioned reflex was no longer 
confined to one or both sides of the back but could be elicited equally well from 
any part of the trunk, shoulder, hip or tail and could be produced from the back 
b\" a tap of the hand in place of the brush stroke. 

Unilateral lesions A, B and C had no effect on the immediate return of correct, 
conditioned, differential responses with either set of cutaneous stimuli, and it 
made no difference whether the lesion was on the same or opposite side from 
stimulation. 

Lesions B and C (fig. 1, les. B and C). The cortical areas represented by these 
lesions were sucked out on both sides with dogs 19 and 20, and the formalin- 
prepared brains disclosed this removal complete without apparent damage to 
neighboring and deeper parts. Marchi-stained sections through 'the medulla 
were not completed in time to be used for showing pyramidal degeneration, but 
no motor symptoms ivere observed. The cutaneous placing and hopping reflexes 
were gone; however both dogs could go up and down stairs when blindfolded 
by tapping nose on the steps. 

Results. Two weeks after the last operation the positive-conditioned reflex 
appeared unaltered during the first and second trials with dogs 19 and 20 (single 
error being reprimanded by command ‘Pull up!’). 

It is apparent from columns 2 and 3 of tables 3 and 4 that before operating 
dogs 19 and 20 required but one session of tests to acquire correct, conditioned, 
differential responses with either set of cutaneous stimuli, while aftenvard they 
needed 39 and 28 sessions or 1482 and 1064 trials for the with- and against-grain 
stimuli and 8 and 7 sessions or 304 and 266 trials Avith the sIoav- arid fast-brush 
stimuli. It should be stated that the latter series of tests Avere not started until 
the former had been completed. After the first appearance of correct differential 
responses for the Avith- and against-grain stimuli, dogs 19 and 20 required 152 
and 228 additional trials, Avith punishment for errors, to produce the first of the 
tAvo perfect or practically perfect scores recorded in columns 4 and 5 for a daily 
session of tests. This is double the number used before the lesions Avere made. 
It is obAdous that dog 19 required many more trials than dog 20 for re-establish- 
ment of these correct responses, but this AA’as compensated for by the fact that 
dog 20 needed more trials to obtain perfect responses. This greater difficulty 
on the part of dog 20 Avas apparent^ due to the fact that the Avave of inhibition 
or excitation Avhich folloAA^ed the negative- or positive-conditioned stimulus 
lasted for considerable time, apparently making it easy to respond to a series of 
negatwe or positive conditioned tests, but difficult to change from one to’ the 
other. The summary of all tests given in columns 6 and 7 of tables 3 'and, 4 shoAA's 
the difficulties each dog encountered in re-establishment of these correct responses 
after lesions B and C. 

This summary also shoAvs that the errors AA'ere largely due to the inability of 
the dog to Avithhold the foreleg reflex during a negatiA'^e-conditioned test or lack 
of correct inhibition. FolloAving the last operation it Avas noted for both dogs 
that the area for effectwe stimulation for the positive-conditioned reflex Avas 
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nkrged to include the entire tnink, shoulder, hip and tail and could be evoked 
I'om a tap of the hand on the left side of the back instead of the brush stroke, 
loth dogs Avere finalb^ able to respond correctly to a series of alternated positive- 
nd negative-conditioned tests A\’hen the intei-val betiveen tests Avas of 3 seconds’ 
luration, and correct differential responses A\'ere sometimes obtained from stimu- 
itions of the right or opposite side of the back than ordinarily used. 

After dog 19 had completed 30 sessions of tests Avithout shoAving any signs of 
orrect responses from the Avith and against stimuli, tAVO different sets of auditoiy, 
.onditioned, differential responses Avere easily acquired through use of the com- 
nands ‘Pull upl’ and ‘Nol’ for the positive- and negative-conditioned reflexes, 
ind these correct auditory responses AA'ere ahA'ays obtainable throughout the 
emaining cutaneous tests in AA'hich correct responses Avere unobtainable. 

Discussion. Previous Avork (5, 8) had shoAA'n the olfactoiy positwe-condi- 
ioned reflex unaffected from bilateral ablation of the amygdaloid nucleus and 
he pyreform lobe cortex, and the auditorj’^ positive-conditioned reflex unaffected 
rom removal of the entire auditory cortex, Avhile these lesions abolished correct, 
ionditioned, differential responses from olfactoiy and auditoiy stimuli for hun- 
Ireds of tests. Also, complete remoA'^al of the prefrontal cortex cephalad to the 
irecentral motor area produced no effect on correct, conditioned, differential re- 
ponses from auditorjq cutaneous and optic stimuli (6), but abolished correct re- 
ponses from olfactory stimuli (4). Since electrical stimulation of the pyriform 
obe (7) resulted in voltage changes in an area of the prefrontal lobe from Avhich 
stimulation has eAmked inhibition of movements and respiration, it seems likely 
bhat this area is also an actiA^ating center for the negative olfactoiy -conditioned 
reflex, AA^hich may function by preventing the precentral motor cortex from 
iring or act extrapyramidly on a loAA^er motor nucleus by AA’ay of the reticulo- 
pinal route as reported (2) for the cerebro-respiratory inhibitory reflex. The 
'olloAAnng bilateral lesions AA^ere reported (4, 8 and 9) to haA'^e no effect on correct, 
jonditioned, differential responses; a) remoAml of the hippocampi or large por- 
bions of the parietal, temporal (pyriform excepted) and occipital cortex for 
alfactory stimuli; 6) elimination of auditoiy cortical area I or II for auditory 
stimuli; and c) destruction of auditory areas I and II for cutaneous stimuli. 

The results of this study are comparable to the preceding in that complete 
lestruction of the cutaneous cortex on both sides by lesions A, B and C, AA'hile 
Having little or no effect on the posithfe-conditioned reflex, abolished correct, 
conditioned, differential responses Avith tAA'o different sets of cutaneous stimuli 
for over 5000 tests. The effect of the lesions on the correct responses Avas identi- 
cal AAuth the preceding effect of other lesions and stimuli, namely, inability to 
withhold the foreleg response during a negative-conditioned test or lack of cor- 
rect inhibition. It is true that an occasional negative-conditioned test resulted 
in absence of foreleg response, but this Avas usually folloAA'ed or preceded by ab- 
sence of response for a positive-conditioned test. The only noticeable effect of 
lesions A and B, Avhich destroyed all of Woolsey’s tactile area I, AA'as need of more 
trials for obtaining perfect scores after the first correct responses appeared. 

Ihe results from lesion C, A\drich may haim included a little more cortex than 
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Woolsey’s tactile area II, are of special interest because correct, conditioned, 
differential Responses ultimately returned with both sets of cutaneous stimuli 
after hundreds of tests Avith no sign of correct responses. This suggests that 
the original circuits for eliciting these correct responses were broken somewhere, 
but where or in hoiv many places is not knoAvn. It is possible if all of the afferent 
tactile fibers to Woolsey’s area I happened to be very superficially located in 
this region that lesion C could have completely eliminated all tactile impulses 
to the tactile cortex or the equwalent. It is also possible that this region is a 
part of an important association or inhibitory area for cutaneous sense as the 
folloAAung quotations from the literature might imply: Ferrier has reported 
movements of the angle of the mouth from stimulations of this area in the cat 
and dog, AA^hile Mann and Carol (12) obtained arm and leg moA’^ements in the 
cat from like stimulations. A large part of ToAA'er’s lateral extrapyramidal 
motor area and Tunturi’s third auditory terminal are included in the area. 
Olson in a thesis under Tunturi reports that electrical stimulation of scA'^eral 
points in this area and many points in the coronal gyrus preA^ents and complete!}’' 
suppresses foreleg tAA’itches eAmked from single shock stimulation of the precentral 
motor cortex, and Carol’s strip area 3 is in close proximity (13). In addition, 
tactile area II has an adAmutage over tactile area I in that it can receive impulses 
from both sides of the body. 

The fact that the positiA^e-conditioned reflex Avas not seriously affected by 
complete remoA’-al of the cerebral cortex of the sense studied has been a puzzle 
for a long time. It AA-as assumed that other thalamic nuclei completed the circuit 
to other parts of the cortex until Woolsey, Chang and Bard presented evidence 
that some sensoiy impulses can pass directly to the precentral motor cortex. 

The obserAmtions, that injuiy to the foreleg motor cortex on one side altered 
the positive-conditioned reflex on the opposite side so that it AA^as evoked from 
shoulder or trunk muscles, support a preAuous study (3) that the presence of one 
precentral motor cortex is essential for the usual foreleg conditioned reflex. 

SUMMARY 

Bilaterally, lesions A, B and C produced no notoAvorthy effect on the cutaneous, 
positive-conditioned foreleg reflex if the precentral motor cortex AA^as not inAmlved. 
Injur}^ to the opposite foreleg motor area altered the usual foreleg flexion as 
follows: a) stiff leg-shoulder movement, h) leg elevated from rotation of body 
in harness, and c) bark serA'^ed for response. 

Bilateral lesions A or A and B permitted immediate return of correct, condi- 
tioned, differential responses AAuth either set of cutaneous stimuli, but after lesions 
A and B more tests were required to obtain perfect scores. 

FolloAving lesion C on both sides, 836 to 1026 tests AA’ere required to re-establish 
the first correct, conditioned, differential reflexes from the AA’ith- and against- 
grain stimuli and a lesser number later from the sIoav and fast stimuli. Not 
onlj^ Avere perfect records ultimatel}’- obtainable, but perfect scores AAnre recorded 
for a series of alternated positwe- and negatwe-conditioned tests when the 
inteival betAA'een tests was of 3 seconds’ duration. The final change from the 



CEREBRAl. CORTEX AND CONDITIONED RESPONSES 


337 


first correct response to perfect responses for all tests was usually abrupt, but 
some dogs had difficulties with this stage. 

The results from lesions B and C from 2 dogs were identical to lesion C except 
that more trials were required to re-establish perfect responses. 

Unilaterally, lesions A, B and C permitted immediate return of correct, condi- 
tioned, differential reqionses with both sets of cutaneous stimuli, but bilaterally 
they abolished these responses with both sets of cutaneous stimuli for over 5000 
trials, which extended over a 6-month interval. Meanwhile, correct, condi- 
tioned, differential responses were always obtainable from 2 different sets of 
auditoiy stimuli. 

The chief effect of these lesions was an inability to withhold the foreleg reflex 
during a negative-conditioned test or lack of coi-rect inhibition. This was ac- 
companied by a great increase in the area from which the positive-conditioned 
reflex could be elicited. 

Suggestions were made in the discussion as to possible places of injiuy to the 
circuits required for evoking these correct responses. 
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It has been shown that plasma contains a faetor which accelerates the mtei- 
action of prothrombin and thromboplastin (1-5). Many of its properties still 
remain to be elucidated. In this paper tve describe a study of the activity of 
Ac-globulin in storage plasma. This is of interest because large quantities of 
stored plasma and blood come to be involved in modern medical practice and 
it is practical to know whether or not this factor is preserved. The information 
gained is also of importance in the clarification of fundamental viewpoints con- 
cerning factors involved in the blood coagulation mechanism. 

Experimental. At the slaughter house bovine blood was mixed with 1.85% 
potassium o.xalate in the respective proportion of 7:1. Only the freely flowing 
blood from a stab wound ivas used. Thorough, mixing was insured and the 
oxalated blood was immediately taken to the laboratoiy and centrifuged. 
Hematocrit readings ivere made and analyses for Ac-globulin were performed. 
The plasma samples were then stored in a refrigerator at 5°C. without any 
special precautions with regard to sterility. The Ac-globulin activity was 
measured by the methods already described in detail (6). This method is an 
adaptation of the two-stage prothrombin analysis of Warner, Brinkhous and 
Smith (7). It measures the activation rate of purified prothrombin as influenced 
by the accelerator factor. The method is in a sense a two-stage analysis for 
Ac-globulin activity. 

Results. The results with storage plasma are presented in figure 1. It 
can readily be seen that this plasma factor is exceptionally stable. Even at 
the end of 2 weeks it was doubtful whether there was any significant decrease in 
Ac-globulin activity. Thereafter, a definite decrease could be noted. At the 
end of 2 months over half of the activity still remained. At that time other 
decomposition reactions had taken place as was evident by perceptible odors in 
a number of the samples. 

In work of this kind one cannot always be absolutely certain that the methods 
of analysis employed will reveal the true status. For example, many authors 
believed that prothrombin is not stable in storage plasma whereas it has now 
definitely been shown that such conclusions are erroneous (8), the method of 
analysis emplo 3 md having been unreliable. In order that we might avoid the 
possibility of being mislead, it was considered advisable to undertake the partial 
purification of Ac-globulin from refrigerated plasma and compare the results 
with those obtained with the use of fresh plasma. Several gallons of oxalated 
bovine plasma were stored at 5°C. for 18 daj^s. Ac-globulin was then purified 
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338 



AC-GLOBUIilN ACTIVITY 


339 


by the methods already described (7). The yield was the same as from fresh 
oxalated plasma and the purity was also approximately the same. The handling 
of the material during the purification showed no evidence of any differences 
between fresh plasma and stored plasma. We have, therefore, not onl 3 '^ the 
evidence from analytical work but also from partial purification procedures. 

Another approach to the question was from the standpoint of studying the 
stability of purified Ac-globulin as compared with purified Ac-globulin mixed 
with oxalated plasma. A certain neutral solution of purified Ac-globulin pos- 



Fig. 1. Ac-globulin activity in oxalated bovine plasma stored at 5°c. The values 
.are corrected for anticoagulant dilution. Each curve represents data for one animal. 

sessed a specific activity of 1620 units per cc. It was set at room temperature 
.and at the end of 3 hours only 355 units of activitj'- remained. At the end of 
29 hours onty 45 units remained. Such instability has been demonstrated man}’’ 
times with other preparations. Wlien such purified material is mixed Avith 
oxalated bovipe plasma the full titre remains for more than 3 da 3 '^s at 5°C. 
Measurements. be 3 mnd that time have not been made. The plasma environ- 
ment is thus conti’ibutor 3 r to the stability of this factor. 

Some of the first ivork (1) on the accelerator factor involved the use of BaCOs 
adsorption of prothrombin. The accelerator factor was apparent^ not adsorbed, 
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whereas prothrombin was completely removed from plasma. Further study of 
this apparent specificity for prothrombin seemed advisable with the aid of quan- 
titative methods. Oxalated bovine plasma was mixed with various quantities 
of BaCOs. After 5 minutes a separation was made by eentrifugation, and pro- 
thrombin analyses were made by the two-stage method. It was found that 
relatively small amounts of BaCOs (table 1) completely remove prothrombin 
whereas the Ac-globulin is unaffected even by extremely la'rge quantities of 
BaCOs. The figures of table 1 are not corrected for oxalate dilution. This 
reagent thus furnishes a convenient means for removing prothrombin without 
changing Ac-globulin activity. This confirms and extends the work of Fantl 
and Nance (1). 

Discussion. Quick (9) was one of the first to show that marked changes 
can soon be detected in storage plasma by the one-stage method of prothrombin 
analysis. In the beginning this fact was interpreted to mean that prothrombin 
disappears rapidly from storage plasma. Later it was reasoned that prothrom- 
bin consists of 2 components and only 1 of these, namely, component A, dis- 
appears (10). It has, however, been shown that prothrombin does not consist 


Table 1. BaCOz adsorption of Ac-glohvlin and prothrombin from oxalated horine plasma 


VOLUilE 

BaCOj 

PSOTHROUBIN 

Ac-globdxin 

cc. 

ingm. 

uiiils/cc. 

tinils/ce. 

5 

0 

2SG 

104 

5 

75 

13 

95 

5 

125 

0 

92 

5 

200 

0 

92 

5 

250 

0 

88 

5 

350 

0 

95 


of 2 components (8, 11) and furthermore does not disappear rapidly from refrig- 
erated plasma (12). Quick now presumes that his protlu'ombin A is identical 
with the accelerator factor (13). That explanation is also inadequate, because 
we have shown in the work presented above that the accelerator factor is stable 
in refrigerated bovine plasma. The changes detected by the one-stage method 
already appear on the first day and have virtually run their course in 7 days (8). 
The phenomena described by Quick, therefore, cannot be explained on the basis 
of Ac-globulin deterioration. Further confirmation of this is indicated by the 
work of Owren (3), who briefly states that 60 to 70% of the accelerator factor 
remains at the end of one week. Presumably he was working with human* 
plasma. Our work on human plasma is incomplete, but we are quite certain 
that there is no loss in activity in 3 days. According to Quick the changes which 
he observes are already verj'^ striking the first day in human plasma (9). 

SUMMARY 

Ac-globulin analyses performed on oxalated stored bovine plasma show that 
Ac-globulin is stable. Partial purification of Ac-globulin can be achieved as 
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readity with the use of refrigerated plasma as with fresh plasma. The partially 
purified material is not stable alone but quite stable when dissolved in plasma. 
BaCOs adsorbs prothrombin from oxalated plasma, but not Ac-globulin. 
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In one deamination category, called oxidative deamination, the amino group 
is transformed into urea which is then eliminated. 

In another deamination category, called transamination (1), the amino group 
is not eliminated but is transferred from.the amino acid to an a-ketonic acid such 
as pyruvic or oxaloacetic acid, which in turn becomes an amino acid, thus remain- 
ing in the service of the body. 

The oxidative deamination type of reaction is irreversible, and it is reasonable 
to assume that its specific djmamic action (SDA) is considerable, reflecting the 
heat production of the deamination and of the associated processes; the trans- 
amination type of reaction is reversible, and it is reasonable to assume that its 
SDA is slight. The thermodynamically confusing variability in SDA of amino 
acids may thus reflect differences in the nature of deamination: whether it is 
oxidative deamination with a high heat increment or whether it is transaminative 
deamination with a low heat increment. \ 

It is significant that the amino acids which had been reported by Lusk and 
associates (2) to have no SDA are also the ones that are now believed to undergo 
transamination most readily and to have the highest transamination coefficients. 
These are dicarboxylic acids, glutamic and aspartic, and others having similar 
electrostatic configurations, such as tyrosine. 

The extent of transamination depends not only on the electrostatic configura- 
tion of the amino acid but also on the presence of proper catatytic systems, 
namely, apo-transaminases and co-transaminases, and also amino acceptors, 
namely, a-ketonic acids such as pyruvic acid; or glucose, which is oxidized to 
pyruvic acid. The co-transaminase is a derivative of the vitamin pyridoxine (1). 
It is, therefore, reasonable to assume that the addition of pyridoxine and the 
addition of amino acceptors (pyruvic acid) would lower the SDA of the amino 
acids which tend to undergo transamination. 

Methods and Results. To test the above assumptions glutamic acid and 
tjn-osine were fed with and without pju-idoxine and with and without pyruvic 
acid with the effects on SDA (oxygen consumption) sho^vn in figure 1. 

The sodium salts of the amino acids were administered to 150-200 gram female 
rats with a blunt needle and record syringe. Glucose solution (about 3.5 cc) was 
similarly administered. The oxygen consumption was measured at 26°C. in an 
S-chamber Regnault-Reiset-Kleiber type of apparatus (3). Each data point in 
figure 1 represents the average on 8 rats. 

^ India Goverment scholar. 
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The nutrients indicated in figure 1 were fed following fast of 12 hours. It is 
assumed that fasted animals suffer from a relative pyridoxine deficiency in the 
presence of temporary excess amino acid. This observation on the depression 
of SDA of glutamic acid bjr pyridoxine on fasting animals has been substantiated 
by observations on the SDA of glutamic acid fed to rats maintained on a 
pyridoxine-dcficient diet (4) . 



Fig. 1. Upper left; the SDA of glutamic acid is lowered by 'the addition of pyridoxine. 
Upper right: the SDA of tyrosine is lowered by the addition of pyridoxine. Lower left; 
the SDA of glutamic acid is lowered by the addition of pyruvic acid. Lower right: the 
SDA of glucose is lowered by the addition of pyridoxine, presumably because glucose yields 
pyruvic acid, which acts as an amino accepter in transamination. Additiohal charts will 
become available showing the effect of pyridoxine on the "SDA of glycine ani of the effect 
of glutamic acid added to pyridoxine-deficient diets (4) when transamination ik presumably 
at a minimum. ' 


I 

\ 

summary\ 

1. The confusing variability in the specific dynamic action (SDA) of some 

amino acids appears to be due in part to differences in the nature of deamination, 
whether it is oxidative, associated with a }arge heat increment or transaminative, 
with a small heat inci'ement. ^ 

2. The addition of pyridoxine to the diet of fasted rats, or to the diet of rats 
maintained on a pyridoxine-deficient diet, and the addition of pyruvic acid. 
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The amount of acetylcholine synthesized was calculated by subtracting from 
the acetylcholine content of incubated mixtures the acetylcholine content of 
iden|;ical non-incubated mixtures. The amount of acetylcholine S 3 Tithesized 
in the control mixtures containing only brain, physostigmine salicjdate and Ring- 
er’s solution was taken as 100%. The acetylcholine content of the mixtures 
containing the various substances used was expressed as a percentage of the 
control. All results deviating from 100% by more than tvdce the square root 
of the sum of the squares of the standard error of the mean of the controls and 
the standard error of the mean of the experiments were considered significant. 


Table 1. Effect of the substances on acetylcholine synthesis 

AMOUNT OT ACETVLCnOLINE SYNTHESIZED,! % OF CONTEOE 


SUBSTANCE 


Mo!, concentration of the substances added to 
lO^rngm. homogenized brain 



Ifr-i 

/I'orf 

10-< 

JO'S 

io«- 

Hydantoin 

73 ±2.1 

' 7(i±1.9 

so ±2.2 

86 ±1.1 


Methyl -phenyl -ethyl hydantoin 

50 ±2.5 

70^2.0 

89 ±0.9 

98 ±0.6 


Diphenylhydantoinate sodium 

35 ±3.6. 

47^3.3 

70 ±1.3 

84 ±0.6 


Trimethadione 

102 ±0.8) 

105 ±1.0 

108 ±1.1 

96 ±0.8 


Sodium bromide 

112 ±0.7 

ai6±1.3 

101 ±0.7 

106 ±1.0 


Phenobarbital 

57 ±3.0 

/ 70 ±2.5 

85 ±1.1 

107 ±1.4 


Barbital sodium 

52 ±3.5 

\90 ±1.1 

102 ±0.8 

111 ±0.4 


Pentobarbital sodium 

48 ±3.3 

84 ±2.0 

99 ±1.0 

106 ±1.1 

112 ±1.7 

Diallylmalonylurea 

37 ±2.0 

52 ±3.0 

57 ±1.3 

113 ±1.1 


Iso -amyl -ethyl -barbiturate 






sodium 

26 ±1.9 

43 ±2.2 

88 ±0.5 

106 ±o:9 


Pentamethylene tetrazol 

107 ±2.0 

168 ±3.9 

151 ±3.0 

114 ±1.2 


Picrotoxin 


61 ±2;i 

81 ±1.8 

122 ±2.3 

132 ±1.8 

Digitoxin 



38 ±3.5 

57 ±2.5 

105 ±1.3 

Scilliroside 


r 

50 ±2.6 

50 ±1.9 

68 ±3.1 

Strychnine .. . 

- 

6 ±2.0 

46 ±1.4 

91 ±1.7 

102 ±1.1 

Morphine . . 


66 ±1.9 

90 ±1.1 

99 ±1.0 

99 ±0.6 

Camphor f .... 

1 

23 ±3.4 

70 ±1.9 

91 ±1.6 

104 ±2.0 



' In this and follo^ving tables each value represents the mean of 10 separate experiments 
and the standard e^ror of the mean. 

It was fount^'^that the amount of acet 3 dcholine synthesized increased in the 
presence of 'p 9 Ptamethylene tetrazol and picrotoxin, was not significantl 3 ’' modi- 
fied in the presence of sodium bromide and trimethadione, and was decreased 
in the presence of the other substances used (for str 3 ''chnine and morphine see 
also 11, for camphor see also 12, (table 1). 

In experiments with concentrated choline acet 3 dase the effect of the substances 
on acet 3 dcholinhR 3 Tithesis was inyestigated using a concentrated enz 3 TOe prepa- 
ration obtained froqi^acetone-dried brain as described by Nachmansohn and John 
(13). The results were^iniTar to the results found in the previous experiments 
with non-concentrated enzyme, indicating that the substances tested exei’ted 
their effects b 3 ' changing the activit 3 '- of choline acet 3 dase. 
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Effect of the siihsiances on cholinesterase. An accumulation of acetylcholine 
in the brain (as suspected in the presence of the convulsant agents) may occur, 
not only because of an increased acetsdcholine sjmthesis, but also through a 
decreased hydrolysis of acetylcholine. Am unusual decrease of the acetylcholine 
content (as suspected in the presence of the anticonvulsant agents) may occur, 
not only because of a decreased sjmthesis but also through an increased hydroly- 
sis of acetylcholine. The effect of the substances on the activity of cholines- 
terase was investigated follovung a) a modified method of Glick (14, 15) and b) 
a manometric method (16). Frog brain, homogenized with the apparatus of 
Potter and Elvehjem (10), and human serum served as sources of cholinesterase. 

With the modified method of Glick, 1 cc. of an enzyme suspension, 1 cc. of a 
buffer solution containing 0.8 gram acetylcholine bromide per 100 cc. (or 0.657 
gram of acetylcholine chloride in the experiments testing the effect of sodium 
bromide) and 1 cc. of a buffer solution containing the substances to be tested 
in varying concentrations (pH corfected to 8, wherever necessary) were shaken 
and incubated at 37°C. for half an hour. A bicarbonate buffer solution of 
pH 8 was used instead of the customarj’- veronal buffer solution, since the effect 
of the barbiturates on the activity of cholinesterase was one of the subjects 
under investigation. The cholinesterase activity was terminated at the end of 
the half-hour incubation period by addition of 5 cc. of an aqueous solution con- 
taining 0.1 gram physostigmine salicylate per 100 cc. Half a cc. of an indicator 
solution containing 0.04 gram bromthymol blue per 100 pc. was added to each 
sample and the color developed compared by means of a photoelectric colorim 
eter with standard solutions consisting of 3 cc. of the buffer solution containing 
acetic acid in -various concentrations, 5 cc. of the aqueous physostigmine sali- 
cylate solution and 0.5 cc. of the bromthymol blue solution. 

Mixtures containing the enzjme preparation, acetylcholine and buffer solu- 
tion, incubated for half an hour at 37°C., served as controls. To ascertain 
whether the convulsant and anticonvulsant agents develop acid or alkali in the 
absence of acetylcholine during the half-hour incubation, another series of mix- 
tures was also incubated containing enzyme, buffer and the convulsant and anti- 
convulsant agents in varying concentrations. After half an hour of incubation, 
1 cc. of an acetic acid solution containing a knovm amount of acetic acid dis- 
solved in the buffer solution, 5 cc. of the ph 5 '^sostigmine salicjdate solution and 
0.5 cc. of the bromthymol blue solution were added and the acid content was 
determined. Any changes in the amount of acid due to the presence of the con- 
vulsant and anticommlsant agents were taken into account during the calcula- 
tion. The amount of acid developed in the presence of the convulsant and 
anticonvulsant agents was expressed as a percentage of- the amount of acid 
developed in the controls containing enzyme, acetylcholine and buffer solution. 

With the manometric method, either a) 0.5 cc. of homogenized frog brain 
suspended in bicarbonate Ringer’s solution at' pH 7.4, orj)) 0.5 cc. of human 
serum, 1 cc. of a bicarbonate Ringer’s solution coritainihg the comadsant and 
anticon\mlsant agents in varying concentrations (pH corrected to 7.4, wherever 
necessary) and 1.5 cc. of bicarbonate Ringer’s solution were placed in the center 
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part of the vessel of the Warburg apparatus and 0.3 cc. of a bicarbonate Ringer’s 
solution containing 5 grams acet 3 dcholine bromide in 100 cc. (or acetylcholine 
chloride wherever the effect of sodium bromide was tested) was placed in the 
side arm. The activity of cholinesterase was then ascertained manometricall}’’ 
by measuring the amount of CO 2 liberated during the hydrotysis of acetylcholine. 

Incubated mixtures containing the enzyme preparation, acetylcholine and 
bicarbonate Ringer’s solution alone served as controls. Calculations were 
made as above. 


Table 2. Effect of the substances on the activity of cholinesterase {modified method of Glick) 


ACTIVITY or CnOLlMESTERASE IN % OF CONTROL 


Enzyme from human serum 


Enzyme from frog brain 


Mob concentration of the substances used 



io-» 

10-J 

10-* 

10-* 

10-2 

10-2 

10-* 

10-s 

Hydantoin 

100 ±1.1 

100 ±0.4 

102 ±0.7 

99 ±0.6 

101 ±0.4 i 

100 ±1.0 

99 ±1.0 

98 ±0.3 

Methybphcnybetbyl 



/ 


j 




hydantoin 

87 ±1.2 

97 ±1.3 

100 ±0,5 

100 ±1.0 

83 ±1.0 

90 ±0.4 

98 ±1.1 

100 ±1.3 

Diphenylliydantoinate 









sodium 


100 ±1.0 

101 ±1.1 1 

99 ±0.5 

94 ±0.0 

95 ±0.9 

90 ±1.2 

99 ±0.4 

Trimetliadiono 

09 ±1.1 

97 ±0.4 

101 ±0.8 : 

100 ±1.4 

100±1.7 

104 ±0.0 

100 ±0.5 

96 ±1.6 

Sodium bromide 

137 ±2.2 

10S±1.3 

98 ±0.9 ' 

99 ±0.6 

134 ±2.5 

108 ±0.6 

99 ±1.1 

100 ±1.4 

Plienobarbital 

90 ±1.8 

99 ±0.4 

99 ±1.4 

98±].l 

95 ±2.5 

97 ±0.7 

102 ±0.9 

100 ±0.7 

Barbital sodium 


96 ±2.0 

97 ±2.4 

100 ±0.3 


94 ±2.6 

95 ±1.9 

97 ±1.0 

Pentobarbital sodium 

• 

95 ±1.8 

97 ±2.0 

100 ±1.0 


95 ±2.3 

99 ±2.0 1 

99 ±1.1 

Diallylmalonylurca 

100 ±1.7 

100 ±0.0 

99 ±0.4 

100 ±0.2 

93 ±3.2 

100 ±2.0 

102±1.5 

103 ±0.0 

Iso-amyl-otliyl-barbi turato 









sodium 


90 ±0.3 

100^:1.0 

100 ±1.3 


94 ±1.7 

98 ±1.1 

99 ±0.4 

Pentamethyicne tetrazol 

SO ±2.3 

92 ±1.0 

97 ±0.9 i 

97 ±0.4 

80 ±1.0 

88 ±1.4 

97 ±1.5 

100 ±0.4 

Picrofoiin 


70 ±1.7 

103 ±1.4 

101 ±1.1 


78 ±1.3 

107 ±0.8 

101 ±1.0 

Digitoxin . ... 


105 ±0.0 

102 ±0.4 

102 ±1.3 


ld7±1.4 

102±1.1 

102 ±0.7 

Sclllirosido 


74 ±2.0 

85 ±0.6 

95 ±0.7 


71 ±2.2 

93 ±1.1 

95 ±1.3 

Strychnine 


58 ±3.2 

77 ±2.1 

90 ±1.0 


05 ±3.1 

73 ±2.3 

83 ±1.5 

Morphine 


72 ±2.9 

87 ±1.7 

98 ±1.0 


75 ±2.7 

84 ±1.6 

93 ±0.6 

Camphor ... 

100 ±1.0 

101 ±0.4 

100 ±0.3 

102 ±0.0 

103 ±1.6 

90 ±1.0 

97 ±0.0 

102 ±0.4 

Physostigminc . . 



1 

6 ±1.0 


! 


25 ±1.9 


The activity of cholinesterase decreased in the presence of str 3 '’chnine, mor- 
phine, scilliroside (17), pentamethjdene tetrazol, picrotoxin and meth 3 d-phenjd- 
ethyl Itydantoin (the most potent inhibitor being strychnine), was slightty in- 
creased in the presence of high concentrations of sodium bromide and was not 
modified in the presence of the other substances used (table 2). The results 
found using the manometric method were similar to those reported in table 2. 
Similar results have. already been reported for strychnine (18-20), morphine 
(21-26), some of the barbiturates (27) and digitoxin (28). 

Effect of the substances on acetylcholine sensitivity of striated muscle. Striated 
muscle is a sensitive indicator of the responsiveness to acetylcholine of effector 
organs within the cholinergic system. Therefore, changes in acetylcholine sen- 
sitivity of striated muscle induced by the various agents used may serve as an 
indicator of changes in acetylcholine sensitivity of other tissues. 
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In the following, quantitative relationships were established between the 
effect of agents modifying the activity of cholinesterase and the acetylcholine 
sensitivity of striated muscle. It was also ascertained whether or not agents 
not modifying the activity of cholinesterase modify the sensitivity of striated 
muscle to acetylcholine. 

The effects of the substances on the response of striated muscle to acetylcho- 
line were investigated according to a method descilbed previously (29). Short- 

Table 3. Effect of the subsla7iccs on the response of muscle to acetylcholine 

MOSCLE SHORTENING IN % OF CONTROL 


SUBSTANCE | Concentration ot the substances in mols 



10-5 

io-» 

10-* 

lo-s 

10- • 

10-5 

Hydantoin 

Methyl-phenyl-eihyl 

77 ±2.1 

81 ±1.6 

1 

104 ±0.1 

104 ±1.0 

103 ±0.8 

97 ±0.5 

hydantoin 

Diphenylhydantoin- 

24 ±4.1 

82 ±1.1 

102 ±1.2 

102 ±0.5 

105 ±1.0 

108 ±0.9 

ate sodium 

72 ±2.3 

7G rfc2.0 

85 ±0.7 

100 ±0.3 

103 ±0.1 

101 ±0.4 

-Trimethadione 

111 ±0.6 

101 ±0.2 

108 ±1.5 

no ± 2.0 

no ±2.2 

105 ±0.7 

Sodium bromide 

74 ±1.1 

96 ±0.5 

102 ±0.6 

104 ±0.7 

101 ±0.3 

103 ±1.0 

Phenobarbital 

104 ±1.4 

114 ±0.9 

121 ±1.4 

117 ±0.8 

112 ±1.3 

105 ±0.2 

Barbital sodium 

Pentobarbital 

100 ±0.4 

97 ±0.8 

99 ±0.2 

100 ±1.0 

100 ±0.4 

99 ±0.7 

sodium 

s* 

29 ±4.0 

82 ±1.3 

102 ±0.8 

101 ±0.6 

103 ±1.1 

Diallylmalonylurea 

Iso-amyl-ethyl- 

110 ±1.1 

127 ±1.3 

129 ±0.5 

122 ±0.4 

118 ±1.1 

114 ±0.8 

barbiturate sodium . . | 

s‘ 

32 ±4.3 

98 ±1.7 

122 ±0.5 

116 ±0.7 

106 ±0.6 

Pentamethylene 







tetrazol 

340 ±5.0 

130 ±2.7 

106 ±1.3 

100 ±1.1 

102 ±0.4 

101 ±0.9 

Picrotoxin 


234 ±5.3 

142 ±3.4 

108 ±2.5 

104 ±0.7 

106 ±1.4 

Digitoxin 



103 ±0.3 

105 ±0.6 

104 ±1.2 

103 ±2.0 

Scilliroside 


14 ±3.7 

37 ±3.5 

101 ±1.6 

121 ±1.9 

104 ±1.1 

Strychnine 


s* 

10 ±3.5 

15 ±3.2 

47 ±2.2 

84 ±2.3 

Morphine 


129 ±0.7 

98±1.1'| 

99 ±1.4 

101 ±0.5 

100 ±1.3 

Camphor 

20 ±3.9 

24 ±3.6 

43 ±2.8 

85 ±2.2 

100 ±1.1 

102 ±0.4 

Physostigmine 



492 ±12.7 

276 ±7.7 

164 ±3.8 

IIG ±0.3 

i 


* s means shortening of the muscle which occurred during the immersion of the muscle 
in the solution for 5 minutes, without addition of acetylcholine. 


ening of the rectus abdominis muscle was induced by immersion in a Ringer’s 
solution containing acetylcholine bromide, 50 /xg per 100 cc., or acetylcholine 
chloride in the experiments testing the effect of sodium bromide, for 2 minutes. 
In 2 minutes the muscle reached almost maximum shortening. The shortening 
of the muscle was registered by an isotonic lever on a kymograph. After stabili- 
zation, between two shortenings induced by the acetylcholine solution, instead 
of washing with Ringer’s solution for 10 minutes, the muscle was washed for 
5 minutes and immersed for 5 minutes in Ringer’s solution containing one of the 
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substances to be tested (pH 7). For controls, muscles w^ere immersed onl}'- in 
Ringer’s solution and shortening of the muscle was induced with the acetyl- 
choline solution as described above. The repeatedl}'’ induced shortenings, each 
lasting 2 minutes, were of the same magnitude for at least 3 hours. This period 
of time was longer than the duration of the experiments described. 

The amount of shortening of muscle after immersion in the solution of'the 
compounds was expressed as a percentage of the amount of shortening (induced 


Table 4. Effect of the substances on the response of the rectus abdominis muscle to 

potassium 


SUBSTANCE 

MUSCLE SHORTENING, IN % OF CONTROL 

Concentration of the substances in mols 

10-2 

10-2 

10-‘ 

10-5 

10-5 

lo-i 

Hydantoin 

84 ±2.1 

109 ±2.7 

131 ±2.2 


111 ±2.3 


Methyl -phenyl -ethyl 







hydantoin 

101 ±1.8 

120 ±1.1 

126 ±1.5 


126 ±1.3 


Diphenylhydantoinate 







sodium 

17 ±3.4 

45 ±3.6 

62 ±3.9 

68 ±2.8 

72 ±2.0 

100 ±1.7 

Trimethadione . 

94 ±0.7 

106 ±1.5 

107 ±1.9 

106 ±1.3 

105 ±1.4 

105 ±2.2 

Sodium bromide 

100 ±1.7 

106 ±0.9 

113 ±0.5 

116 ±1.1 

106 ±1.5 

105 ±0.8 

Phenobarbital 

80 ±2.0 

131 ±2.1 

158 ±3.2 

152 ±3.0 

135 ±2.0 

120 ±2.2 

Barbitol sodium 

207 ±4.8 

123 ±1.7 

119 ±0.7 

115 ±1.3 

108 ±1.6 

106 ±0.7 

Pentobarbital sodium. 


45 ±1.8 

94 ±1.4 

124 ±1.5 

120 ±1.7 

102 ±0.3 

Diallylmalonylurea . 

50 ±3.5 

116 ±1.6 

136 ±1.3 

126 ±1.7 

118 ±1.2 

111 ±0.6 

Iso-amyl-ethyl- 







barbiturate sodium 

s* 

49 ±3.5 

90 ±1.3 

104 ±1.2 

102 ±1.1 

100 ±2.0 

Pentamethylene 







tetrazol 

160 ±2.8 

132 ±1.7 

no ±2.0 

104 ±0.5 

103 ±0.8 

104 ±1.1 

Picrotoxin 



122 ±1.4 

125 ±1.3 

112 ±1.5 

103 ±1.0 

Digitoxin 



135 ±2.0 

134 ±1.1 

131 ±1.5 

112 ±1.4 

Scilliroside 


270 ±5.4 

310 ±6.7 

233 ±5.8 

173 ±3.6 

134 ±1.9 

Strychnine 


s' 

69 ±2.3 

96 ±1.0 

107 ±1.1 

112 ±0.6 

Morphine 


139 ±1.1 

144 ±1.5 

141 ±1.7 

138 ±1.4 

133 ±2.1 

Camphor . . 

10 ±4.2 

37 ±2.2 

82 ±1.7 

123 ±2.0 

126 ±0.7 

125 ±2.0 

Phj'sostigmine 




133 ±0.9 

131 ±1.9 

123 ±1.1 


^ s means shortening of the muscle, which occurred during the immersion of the muscle 
in the solution for 5 minutes, without addition of potassium. 


bj’' acetylcholine) of the same muscle before immersion in the solution of the 
compounds. * 

The response of the rectus abdominis muscle to acetylcholine was increased 
by pentamethylene tetrazol, picrotoxin, morphine, physostigmine and to a small 
extent by phenobarbital, diallylmalonylurea and iso-amyl-ethyl-barbiturate 
sodium. The acetylcholine sensitivity of the muscle decreased in the presence 
of sodium bromide, hydantoin, methjd-phenyl-ethyl hydantoin, diphen 3 dh 3 "dan' 
toinate sodium, iso-amjd-ethyl barbiturate (higher concentrations), pentobarbi- 
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tal sodium, scilliroside, strychnine and camphor. The acetylcholine sensitivity 
Avas not modified in the presence of trimethadione, barbital sodium and digitoxin 
(table 3). An increase of the acetylcholine sensitivity in the presence of mor- 
phine (30-32), physostigmine (33) and pentamethylene tetrazol (34, 35) and a 
decrease of the acetylcholine sensithdty in the presence of strychnine' (32, 36, 
37) liaAm already been observed. 

Effect of the substances on poiassnvtn sensitivity of striated muscle. To ascertain 
Avhether the substances modified the sensitivity of muscle to chemical stimuli 
other than acetjdcholine, the effect of the substances on the shortening of muscle 
induced by a 20 mM KCl solution instead of an acet 3 dcholine solution was also 
determined. 

The substances increased the potassium sensitivity of the muscle, if used 
in loAver concentrations, and decreased the potassium sensitivitj’- if used in higher 
concentrations. Stiychnine and diphenjdhydantoinate sodium did not increase 
the potassium sensitivity, if used in loAver concentrations, and decreased it if used 
in higher concentrations. The potassium sensitivity increased without being fol- 
lowed bj"- a decrease in the presence of sodium bromide, picrotoxin, digitoxin, 
morphine, hj^dantoin, methyl-phenjd-ethyl hj'-dantoin, pentamethylene tetrazol 
and physostigmine and was not modified in the presence of trimethadione (table 4). 

Muscle shortening occurred in the presence of high concentrations of strych- 
nine, pentobarbital sodium, and iso-amyl-ethyl-barbiturate sodium (table 3, 4) 
even in the absence of potassium or acetylcholine. 

Discussion. The results indicate that most of the convulsion-inducing agents 
cause an accumulation or sudden increase of acetylcholine either by increasing 
the acetylcholine synthesis (pentamethylene tetrazol, picrotoxin) or bj'’ de- 
creasing the hj'^drolysis of acetylcholine (stiychnine, morphine). That an ac- 
cumulation of acetylcholine maj'' be significant in inducing convulsions is further 
suggested by the observations that the effect of convulsion-inducing agents can 
be potentiated by simultaneous administration of acetylcholine or physostig- 
mine (38, 39). HoAA^ever, in the case of strychnine (40) for instance, it is difficult 
to demonstrate (perhaps for technical reasons) an accumulation of acetylcholine 
in the brain. 

The results obtained A\dth striated muscle suggest that the acetylcholine sen- 
siti\dty of effector organs maj'- increase in the presence of some of the convulsion- 
inducing agents. The increased acetylcholine sensitivity is due to a) a decreased 
activity of cholinesterase (table 2) and 6) involvement of other processes, since 
the agents also increase the potassium sensitivity of the muscle (table 4) and 
it is known that pentamethylene tetrazol significantly increases the acetylcholine 
sensitivity of fulty eserinized muscle (31). 

ConAUilsions have been obseiwed after administration of camphor and the 
digitalis glucosides (41), although these agents depress acetylcholine sjm thesis. 
Furthermore, thej’’ do not increase the sensitivity of effector organs to acetyl- 
choline (table 3), and, except scilliroside in relattyelj’’ high concentrations, the 
digitalis glucosides (28) and camphor (table 2) do not decrease the hydrolysis 
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of acetylcholine. These data would lead to the inference that an accumulation 
of acetylcholine is not essential for the occurrence of convadsions. 

The anticonvulsant agents, with the exception of sodium bromide and tri- 
methadione, decreased the synthesis of acetylcholine, but this decrease was not 
greater than the decrease of acetylcholine synthesis in the presence of digitalis 
glucosides and strychnine.' The hydrolysis of acetylcholine did not increase in 
the presence of the anticonvulsant agents, except for large concentrations of 
sodium bromide (table 2), an effect that would lead to a reduction in the amount 
of the acetylcholine content of the brain. Also, the acetylcholine sensitivity of 
the effector organs did not decrease in the presence of the anticonvulsant agents 
except when used in large concentrations (table 3). 

In short, an accumulation of acetylcholine in the central neivous system readily 
induces convulsions a) as shovui by local application or parenteral administration 
of acetylcholine; b) acetylcholine increases the effectiveness of other agents in 
inducing comuilsions; c) convulsions are induced by agents that increase the 
sensitivity of effector cells to acetylcholine; d) convuilsion-inducing agents usu- 
ally favor an accumulation of acetylcholine either bj'^ increasing acetylcholine 
synthesis or by decreasing acetylcholine hydrol 3 ’^sis. 

An accumulation of acetylcholine does not seem to be the only essential factor 
in the precipitation of convulsions, since a) there are con'v'ulsion-inducing agents 
that decrease acetylcholine sjmthesis vdthout decreasing acetylcholine hydroty- 
sis (digitalis glucosides, camphor) ; b) a decrease of the acetylcholine content of 
brain was found after administration of stiychnine (40) ; c) the ability of agents 
to increase acetylcholine synthesis (42) often does not parallel their effect in 
inducing commlsions (43, 44); and d) the ability of agents to decrease acetyl- 
choline sjTithesis or acetylcholine accumulation does not parallel their effective- 
ness as anticonvulsant agents. 

Although acetylcholine may precipitate con\ailsions or maj'- augment the effect 
of convulsion-inducing agents and processes, it does not seem evident, from the 
data available, that disturbances in acetylcholine metabolism leading to acetyl 
choline accumulation in the central nervous system is per se the primary factor 
to the induction of fits. 

SUMMARY 

1. The effect of convulsion-inducing and anticon^'nlsant agents on acetyl- 
choline S3mthesis, acetylcholine hydrolysis and on the acetylcholine and potas- 
sium sensitivity of striated muscle was investigated. 

2. Pentamethjdene tetrazol and picrotoxin increased the acetylcholine S 3 m- 
thesis, sodium bromide and trimethadione did not modify it and scilliroside, 
digitoxin, camphor, morphine, strychnine, the barbiturates and h 3 '-dantoin and its 
derivatives decreased the acetylcholine s 3 mthesis. 

3. Stiychnine, morphine, scilliroside, pentamethylene tetrazol, picroto.xin, 
and methyl-phenyl-etlyl h 3 ’-dantoin decreased the activity of cholinesterase; 
sodium bromide, in concentration of 10~- Mol., increased it; and the other sub- 
stances did not modif 3 '' the activity of cholinesterase (obtained from brain and 
serum). 
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4. The acetylcholine sensitivity of striated muscle, used as an indicator of 
the acetylcholine sensitivitj’" of effector organs in the cholinergic system, increased 
in the presence of pentamethylene tetrazol, picrotoxin, morphine and to a small 
extent in the presence of phenobarbital, diallylmalonylurea and iso-amyl-ethyl- 
barbiturate sodium ; the acetylcholine sensitivity was not modified in the presence 
of trimethadione, barbital sodium and digitoxin, and decreased in the presence of 
the other substances. 

5. The potassium sensitivity of striated muscle usually increased' in the 
presence of lower concentrations of the substances used and often decreased in 
the presence of higher concentrations of the substances. 

6. The results suggest that although an accumulation of acetylcholine may 
precipitate convulsions, it is per se not the primaiy factor in the induction of fits. 

The authors wish to express their gratitude to Dr. C. R. Noller for the generous 
supplj'- of the scilliroside, to Abbott Laboratories for the trimethadione and to 
Sandoz Chemical Works, Inc. for the methyl-phenyl-ethjd hydantoine. 
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During a change in velocity or direction of motion, forces maj" act upon the 
body which are many times the force of gravity Y^ien an accelerative force 
increases the effective weight of a body threefold, it is three times as powerful as 
the force of gravity (Sg). Such forces, produced during radial acceleration, 
become a serious problem during violent maneuvers in high-speed aircraft. 
Centrifugal forces produced during standard maneuvers act from head to seat 
(positive g). Conversed, forces maj"- act from seat to head (negative g) during 
inverted flying or outside loops. 

Wood et al. (1) reviewed recent investigations of the ph 5 '^siological effects of 
positive radial acceleration. However, negative radial acceleration has been 
considered highly dangerous to both man and aircraft, and, for that reason, 
relatively little attention has been directed to the effects of negative g. In 
1877 Salathe (2) concluded from experiments conducted on a small centrifuge 
that rabbits survived at least twice as long when exposed to negative g as during 
positive g of the same magnitude. Armstrong (3, 4) described severe subjective 
symptoms in man, and cerebral hemorrhages associated with rupture of posterior 
communicating branches of the circle of Willis in goats exposed to more than 
— 5 £f. Jasper et al. (5) observed cerebral hemorrhage in 1 of 6 monkeys exposed 
to — 10 gf for periods of 10 to 20 seconds, but found no significant cerebral pathol- 
ogy in 6 cats exposed to —4.5 g for 30 seconds twenty times a day for 4 days. 
The carotid and cerebrospinal fluid pressures were both greatly increased during 
negative g. 

Britton and Pertzoff (6) studied changes in carotid and femoral arterial pres- 
sm-es under both positive and negative g. They noted that the arterial pressure 
was increased promptly in the portion of the animal directed toward the per- 
iphery of the centrifuge. In the portion of the animal nearest the axis of rotation, 
the arterial pressure fell progi-essivety, but not abruptly. 

The following analysis of the pressure relationships within the cerebro-spinal 
cavity was used in designing the present experiments. The arterial blood pres- 
sure at neck level increases when the blood is forced in that direction under 
negative g (3-6). However, the cerebral vessels are surrounded by cerebrospinal 
fluid which is in turn contained within a semirigid cavity. A simple analog 5 '- 

' This investigation was accomplished under contract N6ori77 Task itl 1 with the Office 
of Naval Research. Opinions expressed do not necessarily represent the views of the Navy. 

= Now in the Department of Physiology and Biophysics, University of Washington School 
of Medicine, Seattle, Washington. 
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emphasizes the importance of this situation with regard to the protection which 
may be afforded the cerebral circulation under negative g. If a common mbber 
balloon is filled with water and fastened to a length of string, it will burst if 
rapidly Avhirled in a circle because the increased effective weight of the water 
increases the internal pressure in the balloon. Such a balloon submerged in a 
rigid container filled with water may be rotated at an}' speed because the pres- 
sure in the water inside the balloon is balanced by an equal pressure in the fluid 
on the outside of the balloon. The cerebral vessels may derive similar pro- 
tection from the cerebrospinal fluid. Thus, if the increase in arterial, venous and 
capillary pressures were accompanied by an identical increase in cerebrospinal 
fluid pressure, the differential pressure supported by the vascular walls would be 
no greater under negative g than under normal conditions. 



Fig. 1. Apparatus for restraining animals during e.xposure to radial acceleration. H.C., 
head clamp; P.C., pelvic clamp; C.S.F. and V.P., strain gauge pressure recorders. 

Conversely, under the influence of positive g, the arterial blood pressure at the 
head and neck becomes progressively reduced as the magnitude of the force is 
increased (3, 4, 6, 7, 8). If the intracranial pressure is similarly reduced, the 
tendency for collapse of the vessels ivould be opposed. 

To investigate these pressure relationships, simultaneous recordings have been 
made of the venous and cerebrospinal fluid pressures at the vertex of the skull 
and at neck level under the influence of positive and negative radial acceleration, 
respectively. Measurements were also made of the changes in carotid and jug- 
ular pressures during exposure to negative g. 

Apparatus. The human centrifuge consists of a bridge-like superstructure 
and a heavy flywheel which rotate independently on a large central axis. IrAflien 
the flywheel is rotating at some predetermined rate, the superstructure may be 
rapidly rotated by clutching it to the flywheel so that within a few seconds they 
are rotating at the same rate. 

An animal board was constructed which allowed skeletal fixation at the head 
and pelvis (fig. 1). A head clamp, covered uTth sponge rubber, impinged below 
the mandible without appb'ing pressure to the cervical vessels (H.C.). Lateral 
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supports of heavy gauge sheet metal could be adjusted by means of slots and 
vong nuts. Pelvic fixation was accomplished by means of extruded dural angles 
impinging upon the crest of the ilium on each side and clamped rigidlj'' to the 
base board. A horizontal bar pressed firmly against the ilium. Two strain 
gauge pressure transmitters^ (± 6 p.s.i.) were securely fastened to the base 
board at the level of measurement of the pressures. The center of the gauge used 
for recording cerebrospinal fluid pressure was exactly 3 cm. nearer the head than 
the venous pressure gauge which required a correction of recorded pressures. 

Method. In the present series of experiments, cats were studied while under 
surgical anesthesia induced by intraperitoneal injections of nembutal (17 mgm/ 
kgm.). The first series of animals was exposed to negative g. A cannula was 
inserted into the external jugular vein and connected by clear vinyl tubing to the 
appropriate strain gauge which was completely filled with saline-heparin solu- 
tion. A short beveled 15-gauge hypodermic needle was gently inserted into the 
cisterna magna, fine vin}'! tubing was passed through the needle into the sub- 
arachnoid space and the needle was withdravm leaving the catheter in place. 
The free end of the catheter was connected to the second strain-gauge trans- 
mitter by vinyl tubing with a larger internal diameter. The board with the 
animal in position was mounted on the centrifuge Avith the head toAvard the 
periphery at a distance of 17 feet from the axis of rotation. The long axis of the 
body of the animal Avas along a radius of the circle described by the centrifuge. 
This position AA^as maintained during rotation of the centrifuge. The strain 
gauges AA'ere fitted Avith Cannon plugs connected through mercuiy troughs to 
Heiland galvanometers (type A) in the control room Avhere changes in pressure 
and the magnitude and duration of the accelerative forces AA'ere recorded. Ro- 
entenograms of the animals AA’'ere obtained before and during the runs on 8 x 
10 X-raj’’ plates in cardboard casettes beneath the animal. For this purpose a 
General Electric X-ray machine (model F, type 4) AA^as mounted 38 inches above 
the animal board. To correct for parallax a centimeter scale AAuth lead markers 
Avas adjusted to the mid-axillaiy line of the animal (fig. 1, CS). 

Each animal AA^as exposed to 2 runs of 15 seconds’ duration at —2, —3, —4, 
—5, —fig. The order of exposure to the different leA'^els of g AA’as deliberately 
randomized. (Some of the animals received an additional series of 10 runs under 
positive g.) A series of 30 exposures to negative g Avas obtained on 2 animals 
AAliile recording cerebrospinal fluid pressure AA'ith the strain gauge moimted near 
heart leA'^el. 

To expose animals to positive g, the animal board Avas rotated 180°, so that 
the head aa'rs directed toAA^ard the axis of the centrifuge. Under these conditions 
the portion of the external jugular vein betAA-^een the cannula and the heart be- 
came collapsed and the records AA^ere of no significance. For this reason cere- 
brospinal fluid and venous pressures AA’ere recorded from tAA^o holloAA’ metal plugs 
threaded into holes into the superior sagittal sinus and adjacent subaraclmoid 
space midAvay betAveen the A^ertex and the occipital protuberance. The strain- 
gauge pressure transmitters AA^ere mounted at the level of measurement. 

^ Manufactured bj' Statham Laboratories, Los Angeles, California. 
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Simultaneous records were obtained of carotid and external jugular pressures 
only under the influence of negative acceleration. 

Results. The appearance of typical records of cerebrospinal and venous 
pressures obtained at various levels during positive and negative radial accelera- 
tion are illustrated in figure 2. The fluctuations in the two pressures associated 
vdth respiration and pulse were sjmchronous. 



Fig. 2. Typical records of cerebrospinal fluid pressure and venous pressure recorded 
from various levels under positive and negative radial acceleration. The arrows indicate 
the direction of action of the accelerative force. 

Recordings were obtained on 7 animals during 61 exposures to negative g, 
ranging from — 2 ^ to — 6 gr. Measurements on the records were made of the 
pressures sustained during the expiratory phases of respiration before and during 
acceleration. Venous and cerebrospinal fluid pressures increased by approx- 
imately the same amount (fig. 2, gauges 6, 7). To obtain a quantitative ex- 
pression of the relationship between them, the increase in cerebrospinal fluid pres- 
sure was plotted against the corresponding change in venous pressure (fig. 3). 
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The coefficient of correlation (r) between these two variables was 0.91 and the 
regression coefficient (bxy) 0.93. Thus the C.S.F. pressure was directly pro- 
portional to venous pressure under the conditions obtaining in this experiment. 
Further, a unit mcrease in one variable tended to be associated with a unit 
change in the other. During positive radial acceleration the relation between the 
pressure in the superior, sagittal sinus and adjacent subarachnoid space (fig. 



Dg. 3. Graphic illustration of the correlation of simultaneous measurements of cere- 
brospinal fluid pressure and venous pressure during positive and negative radial accelera- 
tion of varying magnitudes. Increased pressures occurred under negative g. 

2, gauges 1, 2) is illustrated gi-aphically in the lower left-hand portion of figure 
3 (r = 0.89, bxy = 1.00). These correlations confinn the impression that C. S. F. 
and venous pressure are affected to about the same extent by positive 
and negative g. 

Assuming that the observed pressure changes were caused by the influence 
of radial acceleration on hydrostatic columns of blood and cerebrospinal fluid, 
the heights of the columns of fluid involved may be calculated by dividing the 
changes in pressure by the magnitude of the force in g units.'* For example, in 

■* The changes in venous and cerebrospinal fluid pressure have been expressed as cm. of 
blood and C.S.F. to facilitate these calculations. 
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figure 2 (gauge 6) the cerebrospinal fluid pressure increased by 77 cm. C.S.F. 
during a run at 5.7 g. Dividing 77 by 5.7 provides a quotient of 13.5 cm., repre- 
senting a column of cerebrospinal fluid sufficient to produce the observed change 
in pressure. Measuring 13.5 cm. from the level of measurement at the neck 
toward the axis of rotation establishes the level at which the pressure was the 
same at the moment of measurement as it was during the control period. De- 
termination of this level for each recoi'd of venous and C.S.F. pressure produced 
a distribution at or near heart level (fig. 4). The variability in the distribution 
was due to inability to measure the pressure changes at precisely the same instant 
the X-ray exposure was made. Changes in the position of the heart plus the 
augmented respiratory excursions contributed to the variability. Thirty de- 
terminations of cerebrospinal fluid pressure were obtained during exposure to 



Fig. 4. Frequency distribution of computed levels at which the cerebrospinal fluid and 
venous pressures, at the moment the determinations were made, were the same during 
acceleration as during the control period. 

negative g with the strain gauge slightl}'' caudal to heart level (fig. 2, gauge 5). 
Under these conditions the recorded pressures decreased slightly during acceler- 
ations producing increased pressures at head level. The mean of the distribution 
was similar to those obtained at neck level (fig. 4). 

During positive radial acceleration, the cerebrospinal fluid pressures in the 
cistema magna and near the vertex of the skull, as well as the pressure in the 
superior sagittal sinus, were markedly decreased since the accelerative force was 
acting from head to tail. The height of a column of fluid capable of producing 
the observed reductions in the recorded pressure was calculated. Plotting the 
distribution of the computed levels at which the pressure was relatively im- 
changed during positive g reveals a great deal more variability than was noted 
■with negative g (fig. 4). The mean values, nonetheless, were near heart level, 
and a few determinations of cerebrospinal fluid pressures, made with the strain 
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gauge near heart level, invariably revealed little change under positive g (fig. 
2, gauge 4). It should be noted that the computed heights of the hydrostatic 
columns were considerably longer during positive g than under negative g. This 
is due to the fact that measurements were made at the vertex of the skull instead 
of at neck level, while the heart occupied a position lower in the chest during 
positive g. 

Arterial and venous pressures were recorded from the carotid artery and 
external jugular vein in 7 animals during 68 exposures to negative g. Marked 
fluctuation in the arterial blood pressure was associated with respiration during 
the control periods (fig. 6). At the onset of the radial acceleration, the arterial 



Fig. 5. Comparing this illustration with figure 3 indicates that the cerebrospinal fluid 
and venous pressures are more closely related to each other than to the magnitude of the 
applied acceleration. 


pressure increased promptly with the increase in the applied force. Immediately 
after maximum g Avas attained, the arterial pressure gradual^ fell for several 
seconds and then in most cases progressively increased, frequently to levels above 
the initial level. The segment of the arterial pressure record AA^hich Avas abruptly 
depressed in the midportion of tAvo of the records (fig. 6) Avas due to a drop in the 
line Amltage supplying the strain gauges during the X-ray exposure. 

In general, the fluctuations in arterial pressure due to respiratory acthfity dur- 
ing the application of negative g AA^ere sjmchronous Avith changes in venous 
pressure, but there AA'ere obvious differences in the amplitude of the deflections. 
The magnitude of the initial increase in arterial pressure Avas measured from an 
arbitrary base line, connecting the peaks of systolic pressure during the control 
period to the pressure attained immediatelj’' after maximum g Avas attained 
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(fig. 6). Since it was not iDossible to ascertain the phase of the respiratory 
cycle at the instant maximum g was attained, the recorded value may have been 
lower than the absolute increase in mean pressure by amounts as great as the 
respiratory fluctuations during the control period. Examination of the records 
revealed that the arterial and venous pressures increased b}'’ amounts roughlj'^ 
proportional to the applied negative g. This relationship is presented in graphic 
form in figure 6. The relation between the initial increase in arterial pressure 
and the sustained increase in venous pressure (r = 0.49) was not as close as 
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Fig. 6. Plotting the increase in carotid pressure against the increase in external jugular 
pressure reveals that the arterial pressure tended to increase more than the venous pressure 
at the same level of measurement. The secondary increase in arterial pressure is illustrated 
in the sample records. 


previously described for cerebrospinal fluid and venous pressures. Plotting the 
maximum increase in arterial pressure (initial or secondaiy rise) against the 
change in venous pressure revealed that, in a majoritj'' of the determinations, 
the magnitude of the increase in arterial pressure was greater than the change in 
venous pressure. The maximum differential between the two pressures was 93 
cm. of blood (61 mm. Hg). 

Discussion. The application of radial acceleration to experimental animals 
by means of the human centrifuge increases the effective mass of the body of the 
animal bj^ predictable amounts. Under the influence of this type of force, the 
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pressure provided b}’- a hydrostatic column of fluid of constant height is increased 
in direct proportion to the magnitude of the applied acceleration (in g units). 
In the series of experiments described above, anesthetized cats were mounted on 
the centrifuge in the horizontal position with the long axis of the body along a 
radius of the circle described by the centi'ifuge in motion. Wlien the centrifuge 
Avas at rest, the force of gravity acted perpendicular to the long axis of the body 
and the venous and cerebrospinal fluid pressures Av'ere approximately equal at 
either end of the animal. During rotation of the centrifuge, the force of gravity 
continued to act in the same A\'ay, and, in addition, a force produced by the radial 
acceleration (centrifugal force) A\-as directed along the radius of the circle toward 
the periphery. Under these conditions a gradient in hydrostatic pressure was 
produced along the long axis of the body of the animal such that high pressures 
Avere produced at the distal end of the animal AA'ith progressively loAA'er pressures 
in the columns of fluid extending toA\'ard the axis of rotation of the centrifuge. 
Thus the cerebrospinal fluid and intraAmscular pressures, measured at neck 
level, increased under negath^e g (A\-hen the head of the animal was directed 
toward the periphery) and became subatmospheric at the vertex of the skull 
AA'hen the head of the animal AA-as toAA-ard the axis of rotation (positive g). 

By exposing the animals to Amrious leAmls of radial acceleration extending 
from + 6 <7 to — G < 7 , cerebrospinal fluid pressures ranging from 80 cm. C.S.F. 
above normal to 190 cm. C.S.F. beloAA' normal Avere produced. Through- 
out this large range in pressures, the C.S.F. and venous pressures measured at 
the same level varied together and by approximately the same amount. In fact, 
the differences betAveen them are no greater than might be explained on the basis 
of experimental error. 

This Avas interpreted to indicate that the columns of C.S.F. and blood pro- 
ducing these pressure changes must be of approximately the same length. Hoaa'- 
CA'er, the subarachnoid space extends from the skull to the loAvermost extremity 
of the dura mater in the loAA'er spine. The fact that fluid can Aoaa" freely along 
the subarachnoid space is demonstrated during any lumbar puncture. Under 
these conditions, the hydrostatic column responsible for the changes in pressure 
obseived during the application of radial acceleration might be expected to ex- 
tend from the loAver lumbar region to the level of measurement, at the neck or 
Acrtex. Further, there appears to be a continuous column of blood extending 
from the veins of the loAA'er extremities thi’ough the right auricle to the jugular 
vein, or superior sagittal sinus. In this study it AA'as possible to compute the 
extent of the effectiA^e hydrostatic column of fluid required to produce the ob- 
served alterations in pressure during exposure to g. It AA^as found that, under 
the conditions obtaining during these experiments, both pressures fluctuated 
AA’ith respiration and pulse, but at heart level AA’ere relath’-ely unaffected by 
longitudinal hydrostatic columns during exposure to either positive or negative 
radial acceleration. In the case of A’enous pressure, this could occur only if the 
right heart continued to e.xpel all the blood coming to it through the \^ena cavae. 

Because of the promptness of the response to respiration and g, it did not 
appear likely that the changes in cerebrospinal fluid pressure could be caused by 
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an alteration in the rate of formation or absorption of cerebrospinal fluid. A 
more plausible mechanism of the occurrence of such rapid responses in cere- 
brospinal fluid pressure is as follows. The tissues of the central nervous S3'’stem, 
blood and cerebrospinal fluid ma}’- be considered virtuall}'' incompressible. 
Thej'' are enclosed in a semi-rigid container consisting of the skull, the vertebrae 
and their fibrous connections. Thus, a small increase in the total volume of the 
contents could produce a relatively large increase in pressure throughout the 
system. The fact that near heart level the changes in both the venous and cere- 
brospinal fluid pressure were small indicated that in all portions of the cere- 
brospinal cavity the cerebrospinal fluid pressure is nothing more than a reflection 
of the local venous pressure. In other words, at all levels within the cere- 
brospinal cavit}'-, the venous and cerebrospinal fluid pressures are approximately 
equal, and, under normal conditions, the3’’ are probably in equilibrium ndth the 
extradural S3’-stemic venous pressure. There exist anastomoses between the 
veins within the dura and the extradural venous S3'stem at all levels from the 
vertex of the skull to the sacrum. These include the diploic, emissai^q oph- 
thalmic and jugular veins in the head and rich venous plexuses extending the 
whole length of the spinal column both inside and outside the vertebral canal, 
including the anterior and posterior longitudinal vertebral sinuses and the 
intervertebral veins ( 9 ). Under these conditions, so long as no pathologic 
changes occur, a difference in pressure between C.S.F. and venous pi’essure 
would result in expulsion' or retention of blood within the venous resenmir or 
plexuses so that equilibrium could be maintained. Similarl3’' the presence of 
numerous direct connections between the veins within the cerebrospinal cavity 
and the extradural veins should ordinarily prevent a differential pressure between 
the intradural and S3"stemic veins. In this way the cerebrospinal fluid pressure 
should approximate extradural venous pressure at an3’^ level in the bod3'‘ so long 
as the veins of the central neivous S3'-stem are neither collapsed nor distended to 
the point that their walls are under tension. This mechanism appears to explain 
the observations in the present stud3^ 

Further, if the differential between capillaiy pressure and venous pressure 
within the central nervous S3'^stem were relative^ constant, and venous pressure 
were in equilibrium with cerebrospinal fluid pi-essure, the difference between 
capillar3>- pressure and C.S.F. pressure should be relatively constant regardless 
of the attitude of the body. In other words, the pressure supported by the 
capillaiy walls would be approximately the same at all points in the central 
nervous S3^stem. Such a condition should provide excellent protection for the 
circulation of the central neiwous system, particular^ the veins and minute 
vessels, in the presence of changes in posture and sudden changes in intravas- 
cular pressures. This may also be a contributing factor in maintaining very 
low concentrations of protein in the cerebrospinal fluid under normal conditions. 

An increase in cerebrospinal fluid pressure would also tend to balance the 
augmented arterial blood pressure under the influence of negative g. The walls 
of the cerebral arteries would be required to support only the difference between 
these pressures. The pressures developed in the present study did not appear 
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excessive since the maximum differential was about 60 mm. Hg more than 
normal. It must be remembered, however, that in cats the hj^drostatic columns 
from heart to brain are oiilj' about J to i the corresponding distances in humans. 
The present study does not rule out the possibility that hemorrhages originating 
in posterior communicating branches of the circle of Willis ma}’' result from an 
uncompensated increase in arterial pressure under negative g. However, an 
alternative possibility exists that mechanical tension may be applied to these 
vessels by extension of the head on the neck and elongation of the cervical spine. 
Under these conditions, traction on the vertebral arteries might be sufficient to 
encourage rupture of the posterior communicating arteries in the circle of Willis. 

CONCLUSIONS 

1. The cerebrospinal fluid and venous pressures measured at head and neck 
levels in anesthetized cats varied simultaneously and by approximately the same 
amounts during wide variations in these pressures produced by positive and 
negative radial acceleration. 

2. Both C.S.F. and venous pressures remained relatively unchanged at or near 
heart level during exposure to either positive or negative g. 

3. Under the conditions obtaining in these experiments, the cerebrospinal 
fluid pressure appears to be primarily a reflection of the venous pressure existing 
at any level within the cerebrospinal cavity. 

4. The results of these studies indicate that the veins, and probably minute 
vessels, are almost perfectlj'- protected against sudden changes in intravascular 
pressure by simultaneous changes of the same magnitude in cerebrospinal 
fluid pressure. 

5. In a majority of cases, the arterial blood pressure at neck level increased by 
larger increments than the venous pressure at some time during the exposure to 
negative g. Since the arterial walls are called upon to support only the dif- 
ferential between intra-arterial and cerebrospinal fluid pressure, the cerebral 
arteries are afforded considerable but incomplete protection under these con- 
ditions. 
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VTien lightly anesthetized white rats are subjected to severe reduction of their 
body temperature, death occurs from circulatoiy and respiratoiy failure at bod}'- 
temperatures from 13° to 15°C. (1). In the course of studies of carbohydrate 
metabolism in cooled animals, the unexpected observation was made that ani- 
mals starved for 24 hours suiwived to lower body temperatures than the fed con- 
trols (2). Preliminary investigation of this phenomenon showed that fed rats 
were able to survive body temperatures as low as those reached by staiwed ani- 
mals if the fed animals were given calcium chloride intravenously or glucose in 
large doses by mouth. 

The pattern of responses observed in the cooled rats included changes usually 
associated with vigorous activity of the sympathetic nervous system, name!}'', 
initial elevation of arterial pressure and heart rate (1) and sharp lowering of the 
glycogen content of the liver (2). Fenn (3) has presented e^'idence that the 
storage of glycogen in the liver also involves an increase in both hepatic water and 
potassium. When release of the previously stored carbohydrate occurs, there is 
a simultaneous release of water and potassium. Thus, during the induction of 
hypothermia in fed rats, the release of liver carbohydrate might be expected 
to be accompanied by addition to the chculating blood of both water and potas- 
sium. The first evidence that actions of potassium might play a part in the 
genesis of circulatory failure in cooled rats was indirect and depended upon the 
observations summarized below: o) animals vith very low liver glycogen, e.g., 
animals starved 24 hours, survived to lower body temperatures than fed animals; 
h) animals starved for 48 hoiu's had higher liver glycogen and died with higher 
body temperature than those starved for only 24 hours; C) the administration 
of glucose by mouth to rats both befoi’e and during cooling maintained the liver 
glycogen at relatively high levels throughout the period of reduced body tempera- 
ture, and the animals survived to temperatures even lower than those reached 
by rats starved 24 hours (2); d) inti-avenous injection of calcium chloride solution 
extended the sundval limits of fed rats to levels of body temperature as low as 
those observed in animals starved for 24 hours; e) injections of digitalis glycoside 
intravenously were as effective as glucose, staiwation or calcium in reducing the 
lethal temperature limit (4). 

' Supported bj^ grants from the John and Mary R. Markle Foundation and from the 
Stanford Universitj’- School of Medicine Research Fund. 

= Present address: Department of Pharmacology, University of California School of 
Medicine. San Francisco. 
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The study reported here presents quantitative data on changes in plasma 
potassium and calcium produced in rats by severe hypothermia and observations 
on the influence of hypothermia upon the threshold of cardiac response to in- 
jected potassium. 

Methods. Adult albino rats of the Slonaker-Wistar strain maintained at 
ordinary laboratory temperatures on a diet of Purina dog chow and tap water 
were cooled as described by Crismon (1). Body temperatures obtained from a 
thermocouple inserted into the rectum to a depth of 6 to 7 cm. were recorded on 
a Leeds and Northrup potentiometer. A Sanborn Stetho-Cardiette and Cardio- 
scope were used for electrocardiographic observations during cooling. The 
usual three limb leads were employed. 

Plasma potassium was determined by the method of Harington (5) modified to 
suit available equipment. Plasma calcium was determined by the method of 
Kramer and Tisdall (6) as modified bj'’ Clark and Collip (7). 

Results. Analysis of plasma from cooled rats indicated that the changes 
in calcium and potassium concentration during hypothermia were compatible 
•with the hypothesis that a decrease in the calcium/potassium ratio might be a 
contributing factor to the circulatory collapse which occurs during cooling. 
Plasma potassium values were obtained on 14 normal rats and on 8 cooled rats. 
Samples from cooled rats were taken at a body temperature of 25°C. at which 
time shivering was vigorous. Since Brewer (8) showed that plasma potassium 
varied with metabolic activity and potassium is knonm to disappear rapidly 
from the blood stream (9, 10), it was felt that any rise in plasma potassium which 
might be attributed to hypothermia would be apparent at this point. The 
mean normal value was 3.44±0.64 mEq/1., whereas the mean value for the 
plasma potassium of the cooled rats was 5.28±0.70 mEq/1. Statistical an- 
alysis of the data by Fisher’s method for comparing means of small groups (11) 
indicated that the difference was significant (P <0.01). Total plasma calcium 
was determined on 5 normal rats and on 6 rats which had been cooled to 25°C. 
The mean value was 5. 04 ±0.46 mEq/1 in normal rats and the mean value for 
the plasma from cooled rats was 5.72±0.21. The difference between the means 
was significant (P <0.01). Results of the analyses are included in table 1. 
Unfortimately, the biological method of McLean and Hastings (12) for the 
determination of ionic calcium proved unsatisfactory for use with rat plasma; 
hence no values for ionic plasma calcium were obtained. The total calcium/ 
potassium ratios were reduced from 1.46 in normal uncooled rats to a value of 
1.08 in rats cooled to 25°C. 

Since the plasma potassium failed to rise to levels shonm to be toxic (13, 14), 
the question arose as to whether or not hypothermia enhanced the response to 
changes in plasma potassium concentration. This problem was attacked in the 
following manner. An uncooled, anesthetized rat was given isotonic potassium 
chloride via the external jugular vein. The dose was adjusted to the calculated 
blood volume (7.4% of bodj'' weight) in amounts sufficient to double the potas- 
sium concentration if all of the added potassium remained in the blood. This 
procedure was repeated three times at 60-minute intervals. The injections 
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were completed in approximately 30 seconds, electrocardiograms being taken 
before, during and after each injection. Moderate cardiac irregularities which 
resembled those seen in typical potassium poisoning appeared during each 
injection, but the changes were reversible vdthout evidence of persisting ab- 
normalities. 

However, a single injection of potassium chloride solution into rats cooled 
to 25-22°C. was fatal in each of 5 cases. The electrocardiogi’aphic changes 
resembled those of potassium poisoning reported by Winkler, Hoff and Smith 
(13) and those of clinical potassium poisoning reported by Keith cl al. (15), 
by Finch and IMarchand (16) and others. Complete cardiac ai'rest usually 


Table 1. Plasma calcium and potassium values for normal uncooled rats and untreated 

rats cooled to 25°C. 


CALCIUM— lULLIEQUIVALENTS PER UTER PLASMA 

POTASSIUM— MILLtEQUlVALENTS PER LITER PLASMA 

Uncooled 

Cooled 

Uncooled 

Cooled 

5.46 ■ 

5.76 

3.22 

4.13 

4.91 

5.74 

3.17 

4.13 

5.18 

5.23 

3.41 

5.17 

4.91 

6.19 

3.38 

5.29 

4.82 

5.83 

2.46 

4.71 



3.02 

6.17 



4.17 

6.40 



3.89 

4.89 



3.10 

5.48 



2.50 

1 

1 



■ 3.38 




3.68 




4.86 



1 

3.98 

1 


X = 5.04 

X = 5.72 i 

X = 3.44 

X = 5.28 

Si = 0.46 

Si = 0.21 : 

Si = 0.64 

Si = 0.70 


Each value presents data from one rat. 


occurred within 2 minutes after injection of the potassium cliloride, respiration 
continuing about 5 minutes longer. These data indicate that amoimts of potas- 
sium given by intravenous injection, which are well tolerated by rats at normal 
temperatures, produce fatal potassium poisoning in rats at reduced bod 3 ’' tem- 
perature. 

Direct evidence was obtained that glucose, calcium and cardiac gtycoside Avill 
protect cooled rats against a fatal dose of potassium. Rats in groups of 3 ani- 
mals each were subjected to the following procedures. One group was cooled 
and given 50% glucose b 3 ’‘ stomach tube approximate^’’ one hour before admin- 
istration of the same dose of potassium given controls at 25°C. The potassium 
chloride was dissolved in 5% glucose solution. A second group was cooled 
and given intravenous calcium chloride about 25 minutes before the administra- 
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tion of isotonic potassium chloride at 25°C. A third gi-oup was given ouabain 
before cooling and isotonic potassium chloride approximately 150 minutes 
after ‘digitalization’ when the animals had been cooled to 25°C. Details of 
dosage, time relationships and fate of the animals are shown in table 2. 


Table 2. The effect of glucose, calcium and digitalis upon potassium toxicity in adtiU male 

rats cooled to 2B°C. 


RAT 

■WEIGHT 

INJ. TEMP. 

PROTECTIVE TREATMENT 

FURTHER EXPERIMENTATION 

4 

grams 

230 

25.0°C. 

KCl injected in 5% glucose 

5 cc. 50% glucose 18' later 
followed by 0.081 mEq. 

K 50' later. Cooled to 
14.4°C. after recovery 
from second K injection. 

5 

204 

25.6'’C. 

3 cc. 50% glucose 64' before 
injection of KCl in 5% 
glucose 

Cooled to 11.2°C. 

6 

232 

25.4°C. 

4 cc. 50% glucose 46’ before 
injection of KCl in 5% 
glucose 

Cooled to 15.4°C. Died as 
result of aspiration of 
glucose solution. 

7 

228 

24.5‘’C. 

0.5 cc. of 0.11 M CaCb I. V. 
25' before KCl injection 

Cooled to 13.8'’C and al- 
lowed to recover at room 
temperature. 

9 

192 

26.8'’C. 

0.5 cc. of 0.11 M CaCl. I. V. 
24' before KCl injection 

Cooled to 10.8°C. and al- 
lowed to recover at room 
temperature. 

10 

336 

25.5°C. 

1.0 cc. 0.11 M CaCl: I. V. 

27' before KCl injection 

Cooled to 12.0°C. Died. 

11 

220 

25.2°C. 

Ouabain, 3 cat units/kgm. 

151' before KCl injection 

Cooled to 10.4°C. Died 

12 

270 

22.8°C. 

Ouabain, 3 cat units/kgm. 
151' before KCl injection 

Cooled to 10.4'’C. Died. 

17 

230 

25.0°C. 

1/100 grain ouabain 160' 
before KCl injection 

Cooled to 21.0°C. and al- 
lowed to recover at room 
temperature 


In sharp contrast to untreated animals given potassium chloride after being 
cooled to 25°C., all animals protected by the methods outlined above survived. 
Statistical analysis b 3 ’- Fisher’s method for the exact treatment of 2 X 2 tables 
(11) indicated that the probabilitj^ of chance occurrences of the observed results 
was only one in 2002 if the 3 gi-oups were combined and compared vith the 
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controls. When each gi’oup was compared with the controls separately, the 
probability of chance occurrence was one in 56. 

Electrocardiographic changes, follonung potassium chloi'idc injection into 
protected rats cooled to 25°C., were similar to those observed in uneooled con- 
trols. The responses of the heart to potassium were shown to be reversible 
by prompt restoration of normal cardiac catIcs. The injection of the potassium 
chloride produced no permanent damage inasmuch as the animals survived 
to bod}’’ temperatures lower than controls when cooling was continued after 
potassium injection. Two animals jjrotected by calcium were allowed to recover 
from body temperatures of 13.8° and 10.8°C. and were in excellent condition 
3 months later. 

Discussion. The changes in plasma potassium and calcium concentration 
in the blood of rats subjected to reduction of their body temperature are con- 
siderably below those which have been associated with unfavorable effects upon 
the hearts of mammals at normal body temperatures. The data of Winkler 
ei al. (13) indicate that changes may be detected in the electrocardiogram when 
the plasma concentration of potassium is 5 to 7 mEq. per liter and that the 
changes become progressively more marked until diffuse block is noted at levels 
aroimd 10 mEq. per liter and cardiac arrest at 14-16 mEq. per liter. Factors 
other than the absolute concentration in the plasma have been shomi to have 
some influence on the response of the heart to potassium. If potassium con- 
centration rises slowly, the plasma concentration reached at the time diffuse 
block first appears is higher than that noted when the rate of administration is 
rapid (14). The simultaneous administration of calcium ions with potassium 
permitted the elevation of potassium concenti’ation to approximately 10 times 
the concentration found to have toxic action without protection by calcium (17). 

Both potassium and calcium concentrations increase in the plasma of rats 
subjected to hypothermia, but the rise of calcium is much smaller than that of 
potassium, and the calcum to potassium ratio is substantially reduced. "iWiile 
no direct evidence is available on the plasma concentration of calcium in the 
ionized form imder conditions of reduced body temperature, it is probably lower 
than at normal body temperature owing to the rise in plasma protein concentra- 
tion which occurs during the induction of hypothermia. Thus the calcium 
effecth'^e for opposing potassium action on the heart would be actually less than 
the amount indicated by the concentration of total calcium measured. 

The magnitude of the increase of potassium concentration in the plasma 
produced during the induction of hypothennia in rats is well within the amounts 
Avhich might be anticipated under these conditions. Kelease of potassium from 
the liver during glycogen breakdomi has been mentioned as a factor (2). The 
violent shivering, which persists well below the temperature level selected for 
blood sampling, should contribute some potassium to the blood (18), and the 
persistent peripheral vasoconstriction and relative anuria should interfere rvith 
its distribution to inactive tissues and its loss in the urine. 

The extent to which an unfavorable calcium/potassium ratio may contribute 
toward cardiac failure and death from h}’pothermia is indicated by the effective- 
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ness of a variety of procedures, all of them in one way or. another serving to 
prevent or correct the disturbed relationship of calcium and potassium. The 
contribution of potassium to the blood by the liver during cooling may be pre- 
vented by starting the induction of hypothermia after 24 hours’ starvation 
when the liver is low in both gycogen and potassium or by enforcng the mainte- 
nance of high liver glycogen throughout cooling by the administration of large 
amounts of glucose (2). Calcium chloride injection during cooling effectively 
prevents an increase of the calcium/potassium ratio and permits survival to 
lower body temperatures. The cardiac glycosides probably exert part of their 
beneficial effect by their direct action on the ventricular muscle. However, 
it is proper to include them among the agents which may act on the heart in 
hj^pothermia by means of an influence upon calcium and potassium ; potentiation 
of digitalis action by calcium (19, 20) and its inhibition by potassium (21) have 
been demonstrated. 

The remarkable decrease in the tolerance of cooled rats to injected potassium 
lends support to the inferences dravTi from the indirect evidence just presented. 
It is clear that the small increase of potassium concentration demonstrated in 
the plasma of hypotheimic rats should not be interpreted in relation to con- 
centrations shovTi to be toxic in animals at normal bod 3 ’- temperature. Cold 
rats do not survive doses of potassiiun chloride wliich produce onlj’- transient 
changes in the electrocardiogi’am of uncooled controls, but present information 
does not permit precise description of the- mechanism of the decreased tolerance. 
The added potassium may represent a sufficient increment upon the potassium 
entering the blood from the liver and skeletal muscle to produce lethal concentra- 
tions in the plasma; the rate of supply of calcium ions may be impaired at low 
temperatures; and there may be metabolic changes in the heart muscle which 
bring about a true change in sensitmty to potassium. 

SUMMARY 

1. Measurements of potassium and calcium concentrations in the plasma of 
rats with reduced bodj'’ temperature shoAved small but statisticallj'- significant 
increases. 

2. Plasma samples, taken when the bod 3 >- temperabire was 25°C., contained 
1.84 mEq/liter more potassium and 0.68 mEq/liter more calcium than the 
pla.sma of control rats at normal bodj'- temperature. The calcium/potassium 
ratios were reduced from 1.46 in normal animals to 1.08 in rats cooled to 25°C. 

3. Intravenous injection of potassium chloride in amounts which produced 
onlj'- transient changes in the electrocardiogi-am of rats at normal bodj' tempera- 
ture produced fatal potassium poisoning in rats if administered when the body 
temperature was 22° to 25°C. 

4. Injection of calcium chloride solution or ouabain and the administration 
of large doses of glucose bA”- mouth, preAdously shoAAUi to loA\-er the lethal temper- 
ature limits in rats subjected to hypothermia, also Avere found to protect the 
animals against doses of potassium chloride usually fatal at Ioav bodj"- tempera- 
ture. 
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As a physiological variable comphcatiiig hypertension, a study of the effect 
of pregnancy on hypertension is of interest for the light it may throw on the 
probable nature of the fundamental defect in hypertension. Although hyper- 
tension is a relatively common disoi’der and is not infrequently a complication 
of pregnancy, obser\Tations on the human are contradictory and indefinite, due 
in part to the variability in the effects of pregnancy on the course of hypertension 
and in part to the fact that elevations in blood pressure accompany other com- 
plications of pregnane}'- which are unrelated to the hypertensive state. A study 
of the effect of pregnancy on the course of hypertension in the experimental 
animal was, therefore, undertaken in an attempt to elucidate the problem as it 
affects the human. 

The present paper deals vith the effects of pregnancy on the course of experi- 
mentally induced hypertension in the rat, rabbit and dog, the tliree species which 
have been most nidely used in studies of renal hypertension in the laboratory. 
Several groups of investigators have reported their observations on the effects 
of pregnancy in these animals with diverse conclusions. Inasmuch as the hemo- 
dynamic factors as affected by pregnancy will differ in different species, it is 
important that any conclusion as to the fundamental effect of pregnancy on 
hypertension should be generally applicable since, insofar as our available data 
are concerned, experimental renal hj'pertension is fundamentally the same in all 
species. 

Methods. Hypertension was induced in rats, rabbits and dogs by applying 
a constricting figure-of-eight band to both kidneys or to one kidney vdth removal 
of the other. This procedure induces a chronic relatively constant elevation of 
blood pressure (1) and permits following the course of the disease over prolonged 
periods without the inteiwention of the complicating malignant phase of h 3 q)er- 
tension rvith a rapidly ascending level of blood pressure. 

Blood pressures were determined in the rat by the pletliysmographic method 
of Williams, Harrison and Gr oilman (2), in the rabbit by auscultation over the 
abdominal aorta as described by McGregor (3) and in the dog by pimcture of the 
femoral artery and direct reading on a mercury manometer (4). In all of these 

* Read before the Section on Obstetrics and Gynecology of the American Medical Asso- 
ciation at its Centennial Session, Atlantic City, July 12, 1947. 

- This study was aided by grants from The First Texas Chemical Company to the De- 
partment of Pharmacology, and from the John and Marj-- Markle Foundation for the study 
of hypertension. 
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procedures the blood pressure determinations are made on the unanesthetized 
animal. After a preliminary period of training, consistent!}'’ constant results are 
obtainable from day to day. 

Results. Since the effect of pregnancy on the level of the blood pressure 
in the h 5 ’’pertensive animal varies in different species, the data obtained on rats, 
rabbits and dogs will be presented separately. 

Rats. The follovdng observations are based on studies of 36 pregnancies which 
occurred in our colony of rats. As reported earlier (5) the elevated blood pressure 
of the hypertensive rat tends to fall during the course of pregnancy. This tend- 
ency of the blood pressure of the hypertensive rat to fall to relatively normal 
levels has been confirmed b}'’ all who have investigated this problem (6-8). 
The data obtained in the present study are summarized in table 1. In 18 of 
the 36 animals, i.e., in half of the animals, a pronounced decline in blood pressure 
occurred. This decline varied from 40 to 65 mm. (average 50 mm.). In 
about a third of the animals (11 of the total), however, the fall in pressure Avas 


Table 1. T/ie average mean blood pressures of hypertensive rats during pregnancy 
The animals are grouped according to the degree of the observed decline in blood pres 
sure. 


NUMBER OF ANIMALS 

AVERAGE MEAN BLOOD 
! PRESSURE PRIOR TO 

1 , PREGNANCY 

1 

AVERAGE MlNIiL\L iIE/\N 
BLOOD PRESSURE PRIOR TO 
DELIVERY 

AVERAGE NUMBER OP 
YOUNG IN UTTER 


mm. Eg 

mm. Eg 


18 

175±10 

120r±:7 

9db2 

11 

178±12 

IGOilO 

6±2 

6 

176±10 

172±8 

4±1 


only 12 to 23 mm. (average 18 mm.). In the remaining animals the change in 
pressure was minimal and within the range of the daily variation (10 mm.) in 
the blood pressure. Such a response tvas noted in 6 out of the 36 animals of the 
present series. In one animal only of the series was there a definite rise in blood 
pressure during the latter half of pregnancy. 

The above-described findings again confirm the tendency of the blood pressure 
to fall during the latter part of pregnancy in the hypertensive rat. However, 
it must be emphasized that this is not a imiversal response, since in about one- 
sixth of the animals the fall in pressure is minimal or fails to occur and in an 
occasional animal an actual rise has been observed. The last-named response 
was noted only once in the present series and occurred in an animal which gave 
birth to a litter of only 3 young. The size of the litter apparently plays an im- 
portant role in determining the response of the blood pressure in a given animal 
to a superimposed pregnancy. The average size of the litter in the 18 rats shoving 
the maximal response (table 1)' was 9; in the 11 animals whose response was 
slight, 6; while in the 6 rats showing little or no alteration in blood pressure an 
average of only 4 young were delivered per litter. 

Pseudopregnancy induced by stimulation of the cervix vlth a glass rod results 
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in a reduction in the blood pressure of hypertensive rats, according to Page, 
Patton and Ogden (8). The induction of deciduomas by the insertion of silk 
threads into the uterine mucosa during pseudopregnancy, according to the 
authors, results in a. reduction in the blood pressure comparable to that observed 
during pregnancy. These procedures have been repeated on a series of 6 animals 
but the average blood pressures observed prior and following the induction of the 
decidual reaction were essentially the same. Our results, therefore, do not sup- 
port the contention that pseudopregnancy is accompanied by a reduction in 
blood pressure comparable to that seen during pregnancy. 

Rabbit. The rabbit is particularly suited for the study of the effect of preg- 
nancj'" on hypertension since it ovulates only Anth coitus and hence experimental 
studies may be planned better than A\'ith other species (9). The present con- 
clusions are based on a study of 20 pregnancies and an equal number of pseudo- 
pregnancies in hypertenswe rabbits. The latter were induced by mating AAith a 
male the vasa deferentia of Avhich had been ligated to induce sterility. 

Table 2. The average syslolic and diastolic blood pressures of hypertensive 

rabbits during pregnancy 

The animals are grouped according to the degree of the observed deeline in blood pres- 
sure. 


NUMBER OF 
v\KIltALS 

1 BLOOD rRESSXmC PRIOR TO 

1 PREGNANCY 

AVERAGE MINIMAL BLOOD PRESSURE 
ATTAINED PRIOR TO DELIVERY 

average number 
OF YOUNG IN 
UTTER 

Systolic 

Diastolic | 

Systolic 

Diastolic 

6 

180^15 

UOrfclO 1 

WOdblO 

lOOiS 


11 

183d=16 

WOilO 

170±12 

129±10 


3 

178d=12 

138±8 

175±14 

135±10 



The effect of pregnancy on the level of the blood pressure of the hypertensive 
rabbit is essentially like that obseiwed in the rat, except that the drop in blood 
pressure is not as marked nor does it occur Anth as great a frequency as in the 
smaller animal (10-12). Thus, of the 20 observed pregnancies, approximatelj’’ 
half (11 instances) AA'ere accompanied by changes in pressure AA^hich AA-ere AAithin 
the range of variation obseiwed in the non-pregnant animal (table 2). In only 
6 cases (about one-third of the total) AA'ere unquestionable reductions (40 mm.) 
in systolic and diastohc blood pressures observed. In the remaining 3 preg- 
nancies no drop in pressure Avas obseiwed. 

Of the above-described 20 pregnancies, 4 occurred in the same animal, 3 in 
another and 2 in three others. In these instances of multiple pregnancies there 
Avas no consistency in the effect of the pregnancy on the level of the blood pres- 
sure in the same animal. As in the rat, the most important factor determining 
the response in a given pregnancy Avas the size of the litter, the observed drop in 
pressure being proportional to the number of young in the litter as shoAA-n in the 
last column of table 2. 

Pseudopregnancy in the rabbit, as in the rat, AA'as Avithout a demonstrable 
effect on the blood pressure. The a\’erage of all the readings obtained during 
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the course of the 20 obsen’-ed pseudopregnancies was less than 10 mm. below the 
average values observed prior to inducing pseudopregnancy. This slight reduc- 
tion in the blood pressure is inconsequential as compared to the reductions ob- 
served during pregnancy and well within the experimental error. 

Dog. Our observations on the dog have been limited to 5 pregnancies in 3 
animals. The results obtained are in agreement with those of previous inves- 
tigators (13, 14) and hence need only be summarized briefl 3 ^ The reaction of 
the blood pressure in the dog is less uniform than in the smaller animal. In 
the majority of cases (3 of the 5 cases in the present series) there was a moderate 
drop in blood pressure during the latter half of pregnancy. In one case (in 
which only 3 pups were delivered) no change in blood pressure occurred. In 
the fifth case there was a gradual rise in the blood pressure during the first part 
of pregnancy from a mean pressure of 150 mm. prior to mating to 180 mm. one 
month later. This was followed by a gradual fall to 138 mm. observed prior to 
delivery. Follomng parturition the blood pressure returned during the course 
of 10 daj’-s to its original pre-gaavid level. 

The unmated dog normally undergoes a period of pseudopregnancj’’ following 
estrus which lasts for 2 months and is accompanied by the usual changes of 
pregnancy (9). The blood pressure of hypertensive dogs during pseudopreg- 
nancy does not decline and indeed may rise slightly during this period. 

Comment. The primary objects of the present studj’- A^'ere to elucidate the 
pathogenesis of experimental hypertension and to apply the results to hyper- 
tension as observed in the human during pregnancy. No large series of obseiwa- 
tions are available on the changes in blood pressure induced by hypertension 
in the human (15-17). Such data as are available are in concordance udth the 
present studies on the lower animals. The human reacts apparently in the 
manner to be anticipated from the compai’ative studies on the rat, rabbit and 
dog. As the size of the mammal increases, AAath a proportionate decrease in the 
relative size of the products of conception to the maternal mass, there is a dim- 
inishing effect of pregnancy on the level of the blood pressure in the hypertensive 
organism. In accord Avith this vieAv are the observ'ations that a reduction in 
blood pressure may at times occur in the hypertensive Avoman during pregnancy 
(17). Such a reduction is comparable to that obseiwed in the experimental 
animal. However, as is to be anticipated from the comparative studies on the 
rat, rabbit and dog, this reduction is infrequent and in most instances little or 
no change is observed and in some cases the blood pressure may increase (18). 

The possible deleterious effects of pregnancy on benign hypertension in the 
human has been a matter of controversj''. In the experimental animal there is 
no eAudent deleterious effect of a pregnancy superimposed on the hypertensree 
animal. Deaths have not been observed during the present study in the preg- 
nant or postparturient animal, despite the relatively high death rate in a hyper- 
tensive colon3^ This does not imply any protective action of pregnancy in 
hj’pertension since animals in an advanced'stage of hypertensive cardio-vascular 
disease rarely become pregnant. Only those animals in a good state of health 
AA'ithout the secondar}”- complications of hypertension (cardiac hypertroph}’’, 
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uremia, anemia, etc.) tend to become pregnant and hence are capable of with- 
standing any slight deleterious effect which such superimposed pregnancy may 
induce on the underlying disorder. Recent clinical studies are in general agree- 
ment with, this conclusion, namely, that the existence of hypertension itself 
is not a sufficient reason for terminating pregnancy and that the fetal death rate 
is not increased in the presence of essential hypertension (19). 

As to the bearing of the present study on the pathogenesis of experimental 
hypertension, it would appear that the reduction in blood pressure observed at 
times during pregnancy is a result primarily of the increased size of the vascular- 
bed induced by the presence of the placenta. This would accormt for the ob- 
servation that the effect is less striking as one proceeds from the rat to the rabbit 
to the dog to the human. It would also explain the relation of the observed 
drop in any one species to the size of the litter. On the other hand one caimot 
exclude the possibility that the fetal kidney contributes something to the ma- 
ternal organism which is responsible for the observed lowering of the blood 
pressure. This assumption would not be incompatible rvith the obsen'^ed dif- 
ferences in different species, nor is it contradicted by the fact that the blood 
pressure during pregnancy in the normal animal is accompanied by no striking 
decrease in blood pressure. It has been demonstrated, for example, that certain 
procedures reduce the blood pressure in the hypertensive which are ivithout 
effect on the blood pressure in the normal (20). It is true that the claim that 
removal of the embryos leaving the placentae intact does not interfere mth the 
observed drop in blood pressure in the rat (21) would render the above-men- 
tioned hj'pothesis untenable. However, it is difficult to intei-pret such exper- 
iments since the effect of operative shock involved in removing the embryms 
might account for the obsen^ed drop in blood pressure. 

The fact that pseudopregnancy as shovTi in the present study is not accom- 
panied in any species by an appreciable reduction in blood pressure would exclude 
hormonal factors as being concerned fundamentally in the observed drop in 
blood pressure during pregnancy. 

It is clear from recent studies (16, 18, 22) that the rise in blood pressure which 
occurs in eclampsia cannot be considered as a manifestation of an underlying 
hypertensive diathesis. Contrary to earlier views, chronic hypertension is not 
a result of the presence in the circulation of a pressor agent (renin, angiotonin, or 
hypertension) (20, 23). On the other hand, the presence of such an agent has 
been demonstrated in eclampsia (7, 15), and the acute rise of blood pressure 
observed in this condition may be attributable to the elaboration by the ischemic 
kidney of this pressor agent. In none of our pregnant hypertensive animals have 
we obseived the appearance of symptoms suggestive of eclampsia nor an in- 
creased tendency to abortion and fetal death, as claimed by Dill and his col- 
laborators (24). Dawson, Cressman and Blalock (25) also were unable to con- 
firm the claims of Dill and Erickson (24) as to the similarity- of the hepatic lesions 
in hypertensive pregnant dogs to those observed in the human eclamptic and 
conclude that the genesis of the two conditions is different. Heuverswyn (12) 
was also unable to induce the eclamptic symdrome in rabbits by partial eschemia 
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of the kidneys of rabbits before or during pregnancJ^ On the other hand, in 
view of our present concepts as to the renal origin of hypertension (20, 30), it is 
understandable how the toxemias of pregnanc}'^ by their adverse affects on the 
kidne}'’ might induce peiTnanent h3’’pcrtension as a sequel to an initially extra- 
renal disturbance. 


SUMMARY 

A study has l>een made of the effect of pregnanc}'^ on the level of the blood 
pressure in hypertensive rats, rabbits and dogs. 

The tendency for the blood pressure to decline during pregnancy in the hyper- 
tensive animal decreases udth increasing size of the species, being less in the 
rabbit than in the rat, less in the former than in the dog and only occasionall3' 
observed in the human. 

Pseudopregnanc3’’ as induced in the rat b3’’ stimulation of the cervix and the 
formation of a deciduoma, in the rabbit b}'' sterile mating, and in the dog, as it 
occius spontaneously following estrus, is not accompanied by any appreciable 
change in the blood pressure of the h3'-pertensive animal. It is, therefore, un- 
likety that the hormones elaborated during pregnancy contribute to the obseiwed 
changes. These are either secondaiy to the hemod3mamic factors or depend 
upon the presence of the embryonic kidney. 

The bearing of the present observations on the problem of pregnancy in the 
human complicating essential hypertension and the significance of the rise in 
blood pressure observed in eclampsia are discussed. 
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In a series of experiments an attempt is being made to find out if the production 
of electrical energj'- by the stomach plays a role in the formation and secretion 
of HCl. One approach to this problem is a study of the relationship between 
the potential difference across the stomach wall and the secretion of HCl. In 
previous studies it was shovm that, under certain experimental conditions, there 
was a correlation between the potential difference across the secreting stomach 
and the rate of secretion of HCl. The potential difference across the secreting 
stomach is approximately 40 mv. (the serosal side being positive in the external 
circuit to the mucosal side), and it was found that a depression of this potential 
difference was associated with a concomitant decrease in the rate of secretion of 
HCl. The methods used to depress the potential were a) application of rela- 
tively hypertonic hydrochloric acid solutions to the mucosa (2), h) application 
of a direct electric current from the mucosa to the serosa (3), and c) the appli- 
cation of ethyl alcohol-saline solutions to the mucosa (5). After withdrawal of 
these agents the secretory rate and the potential difference remained depressed 
for a matter of minutes and in most cases gi'aduaUy returned over the course of 
about one hour to appro.ximately their former magnitudes. The secretory rate 
never recovered vdthout a concomitant increase in the potential difference. 

The method used for making electrical contact in the above-described exper- 
iments was one in which 0.9% saline was placed in contact with the mucosal side 
of the stomach and 0.9% saline agar vdth the serosal side. Saturated KCl was 
used to connect the saline and saline agar vdth nonpolarizable electrodes (see 
fig. 3B). The potential difference (referred to in this paper as the over-all poten- 
tial) measured in this way would be a fimction of both the potential of the 
stomach proper and the diffusion potential at the junction of the gastric secretion 
and saline. 

The present paper is concerned ■with an apparent exception to the above- 
described relationship between the over-all potential and the rate of secretion of 
HCl. It was found that, when the 0.9% saline in contact with the mucosa was 
replaced •with a relativel}’" dilute saline solution, there was a definite decrease in 
the potential difference while the secretory rate did not show a significant change. 
An attempt has been made in the present paper to demonstrate that the decrease 
in the over-all potential in this instance is due primarily to an increase in the 
diffusion potential between the gastric secretion and the saline on the mucosal 
side and not to a change in the electrical characteristics of the stomach itself. 

Methods. The technique for measuring gastric secretion and potential as 
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described in a previous paper (2) was employed. With this technique a portion 
of the stomach along the greater curvature is placed between a ring of Incite and 
a Incite chamber. The ring of Incite has an oblique cut in it so that the blood 
vessels can be slipped inside it, thereby insuring an intact blood supply to the 
portion of the stomach in the chamber. The mucosal side of the stomach was 
oriented toward the chamber and the chamber was filled with 0.9% saline unless 
otherwise specified. The secretoiy rate was determined every 10 minutes by 
draining and flushing the chamber with 0.9% saline or one of the dilute salines. 
The total volume of each 10-minute sample was 100 ml. The pH and titratable 
acidity were determined on each sample in most of the experiments. In some 
experiments only the pH was measured. A nonpolarizable electrode made con- 
tact with the fluid in the chamber, and another similar electrode was placed in 
contact with the serosa . The potential difference was measured with a potentiom- 
eter. 

Dogs were used in these experiments and sodium amytal (70 to 90 mgm. per 
kgm. subcutaneously) was used as the anesthetic agent. Histamine diphosphate 
was used to stimulate gastric secretion in all of the experiments and was admin- 
istered subcutaneously at 10-minute intervals, usually ia 0.5 mgm. doses. 

It was found in all of the following experiments that the potential had the 
same orientation as that found in previous experiments, i.e., the serosal electrode 
was positive to the mucosal electrode in the external circuit. 

Results. Effect of dilute saline solutions on the over-all potential and the rate 
of secretion of HCl. Figure lA represents a typical experiment in which 0.9% 
saline is replaced ^Yith 0.09% saline both before and after the secretory rate had 
reached a relatively constant level. It can be seen that there is a definite and 
immediate decrease of the over-all potential following the replacement. It is 
also to be noted that when 0.09% saline is replaced with 0.9% saline the over- 
all potential immediately returns to approximately its former value. In com- 
paring the two 10-minute periods between 50 and 60 minutes and between 60 
and 70 minutes in figure lA, when 0.9% saline was in the chamber, it can be seen 
that the potential-time curve of the first period foUovdng the use of 0.09% saline 
is practically identical -svith that of the second period. However, it should be 
pointed out that the first few readings, when 0.09% saline is replaced with 0.9% 
saline, were invariably about one to three millivolts less than those when 0.9% 
saline was replaced with more 0.9% saline. 

It was found that replacement of 0.9% saline with 0.09% saline did not have 
any significant effect on the secretory rate. This is illustrated in figure lA and 
IB. Histamine injections were started 39 minutes before the first values shovm 
in figure lA and 18 minutes before those shovm in figure IB. The increase in 
secretory rate was quite typical of that found in experiments in Avhich 0.9% 
saline was used throughout. It was also found (illustrated in fig. 1) that, once 
the secretory rate leveled off, the use of dilute salines was not associated with a 
significant change in the secretoiy rate. 

Replacement of 0.9% saline with salines intermediate in concentration between 
0.9% and 0.09% resulted in a decrease of the over-all potential and no signifi- 
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cant change in the secretory rate. Figure IB represents a typical experiment in 
which 0.09%, 0.36% and 0.63% saline solutions were used. It can be seen that 
the more dilute the saline the greater was the drop in the over-all potential. 
After replacement of 0.9% saline with a dilute saline, the over-all potential did 
not drop to its lowest value immediately, but reached its minimum value only 
after about 3 minutes (fig. lA and IB) and then gradually increased during the 
remainder of the 10-minute period. It was also found that the more dilute the 
saline the greater was the increase of the over-all potential from its minimum 
value to its value at the end of the 10-minute period. 

In figure lA it can be seen that the minimum value for the potential in 0.09% 
saline was lower during a second consecutive period in which 0,09% saline was 
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Fig. 1A and B. Relationship between the potential difference across the stomach wall 
and the rate of secretion of HCl. The line connecting the solid dots represents the poten- 
tial difference in millivolts. The other line represents the rate of secretion of HCl as milli- 
grams of HCl secreted per 10 minutes. The fluid in the chamber was renewed every 10 
minutes and 0.9 % saline was used unless otherwise specified. 
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used. Experiments were performed on 4 different dogs and this was found to 
be true in every case. The average decrease (minhnmn value in 0.9% saline 
mmus the minimum value in 0.09% saline) in the over-all potential during the 
first period in which 0.09% saline had replaced 0.9% saline was 16 mv. with a 
range of values of from 14 mv. to 19 mv. The average decrease during a second 
consecutive period in which 0.09% saline was used was 21 mv. with a range of 
values of from 19 mv. to 23 mv. 

Three experiments were performed (on 3 dogs) in which a series of dilute saline 
solutions were used (0.09%, 0.18%, 0,36%, and 0.63%). In these experiments 
the dilute saline solutions were placed in the chamber for a 10-minute period and 
then replaced vdth 0.9% saline. In figure 2 the decrease of the over-all poten- 
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tial (minimum value in 0.9% saline minus the minimum value in the dilute 
saline) is plotted for each experiment against the logarithm of the concentration 
times one hundred. It can be seen that the decrease in the potential is roughly 
proportional to the logarithm of the concentration of saline. 

Magnitudes of the liquid junction potentials {diffiision potentials) between HCl 
solutions and saline solxdions. As was pointed out previously (2, 5), there is in 
all probability a diffusion potential between the gastric secretion and the fluid 
in the chamber (see fig. 3B). The gastric secretion diffuses outward into the 
fluid of the chamber and hence this junction would be formed at a distance from 



LOG.CONC.OF SALINE X 100 

Fig. 2. In the three lines in the upper part of the figure the magnitudes of the diffusion 
potentials between the above-designated HCl solutions and a series of saline solutions 
(0.09%, 0.18%, 0.36%, 0.63% and 0.9%) are plotted against the logarithms of the saline 
solutions times one hundred. 

The lower three lines represent the maximum decrease in millivolts in the magnitude of 
the over-all potential of the secreting stomach when 0.9% saline is replaced by a dilute saline 
solution (same series of saline solutions as used above in the diffusion potential studies). 

the actual surface of the mucosa. Therefore, this junction would be in an aque- 
ous medium and the orientation of its potential would obviously be such as to 
tend to make the mucosal electrode positive to the serosal electrode in the external 
circuit. Since the over-all potential (Eo in fig. 3B) has the opposite orientation 
(the serosal electrode is positive in the external circuit), it follows that an in- 
crease in the magnitude of the diffusion potential would result in a decrease in 
the over-all potential. Therefore, a Imowledge of the magnitudes of the dif- 
fusion potentials between a hydrochloric acid solution of a concentration com- 
parable to that of the gastric secretion and the saline solutions would be necessary 
in evaluating the decrease in the over-all potential following the use of dilute 
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salines. It would probably be possible to obtain these data from scattered 
sources in the literature but, since the magnitude of diffusion potentials varies 
slightly with the method used for their establishment, it Avould be better for the 
purposes of comparison to determine the magnitudes of these diffusion poten- 
tials with one given method. 



Fig. 3A. The top curve represents the magnitudes of the diffusion potentials in milli- 
volts between a 0.16 N HCl solution and mixtures of 0.16 N HCl and 0.09% saline. The 
bottom line gives the magnitudes of the diffusion potentials between 0.16 N HCl and mix- 
tures of 0.16 N HCl and 0.9% saline. The abscissa represents the number of milligrams of 
HCl added (as 0.16 N PICl) to 20 ml. of a given saline. 

Fig. 3B. Schematic drawing showing the method for measuring the magnitude of the 
potential difference across the stomach. Eo represents the measured potential difference 
between the two electrodes and is referred to in the text as the over-all potential. Ed 
represents the magnitude of the diffusion potential between the gastric secretion and the 
fluid on the mucosal side. Es represents the potential of the stomach proper (including 
potentials that might arise at the junction between the fluid on the mucosal side and the 
mucosa itself). See (4)- for evidence that the E.M.F. (or E.M.F.’s) that gives rise to the 
stomach potential is located between the submucosa and fluid in contact with the mucosa. 

Fig. 3C. Theoretical curves of the over-all potential (Eo of fig. 3B) constructed on the 
assumption that changes in the magnitude of the over-all potential are due entirely to 
changes in the magnitude of the diffusion potential. Curves A, E and F were constructed 
for 0.9% saline, and B, C and D for 0.09% saline. In construction of these curves it is 
assumed that HCl is added to the fluid on the mucosal side at the rate of 1 mgm. of HCl per 
minute. See text for further description. 

The magnitudes of the diffusion potentials between three different HCl solu- 
tions and the saline solutions used in the above e.xperiments were determined 
by the same method described before (5). In this method a given HCl solution 
was placed in a ‘J’ shaped glass tube vdth a diameter of approximately 4 mm, 
and this tube was lowered into a relatively large volume of a given saline solution. 
Saturated KCl solutions were used to connect these solutions to isoelectric, 
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nonpolarizable electrodes. The magnitude of a given diffusion potential reached 
a relatively constant value vdthin 4 minutes and, for purposes of comparison, the 
magnitude of a diffusion potential was taken as its value 4 minutes after its 
establishment. The first reading was made approximately one minute after the 
establishment of the junction and its value ivas within 2 mv. of the final readmg. 
At least. -tiwo determinations were made for each diffusion potential and the 
results in this and the follovdng sections are the averages of these readings. 
Three different HCl solutions were used: a) 0.16 N HCl, b) 0.10 N HCl and c) 
0.10 N HChplus 0.06 N NaCl (1). These experiments were carried out at room 
temperature (approximately 23°C.). Although the temperature of the fluids in 
the chamber was approximately 39°C., the difference between the diffusion po- 
tentials at- the two temperatures, on the basis of theoretical considerations, 
would be unimportant from the point of view of these experiments. The results 
of these measurements are shoira in figure 2. The magnitudes of the diffusion 
potentials are plotted against the logarithm of the concentration of saline times 
one hundred. It can be seen that the diffusion potential between 0.16 N HCl and 
0.9% saline is approximately 30 mv., ivhile that between 0.16 N HCl and 0.09% 
saline is approximately 61 mv. Therefore, the magnitude of the diffusion potential 
between 0'.16 N HCl and saline is increased by approximately 31 mv. when 0.09% 
saline is substituted for 0.9% saline. Similarly, the magnitude of the diffusion 
potential between the solution containing 0.10 N HCl plus 0.06 N NaCl and 
saline is increased by approximately 25 mv., and that between 0.10 N HCl and 
saline by 28 mv., when 0.9% saline is replaced by 0.09% saline. 

It should be pointed out here that the small amounts of ions present in 
gastric juice other than H'*', Na"^, and Cl~ would not be expected to influence 
materially the magnitude of the diffusion potential. This was confirmed b 5 ’' 
the finding that the magnitude of the diffusion potential between an artificial 
gastric juice (made according to the formula of Rosemann (6)) and an isotonic 
solution of the same H"^ concentration composed of HCl and NaCl was prac- 
tically zero (less than 1 mv.). 

Assuming that the concentration of HCl in the fluid being secreted by the 
stomach is somewhere between 0.10 N HCl and 0.16 N HCl, one would expect, 
on the basis of the above measurements, a reduction of the over-all potential 
when 0.9% saline is replaced with 0.09% saline of from 25 to 31 mv. From a 
quantitative standpoint the actual decrease in the magnitude of the over-all 
potential- is, therefore, less than the expected change from the in vitro measure- 
ments . -There are other factors, hoivever , that probably influence the magnitude 
of the diffusion potential (Ed, fig. 3B), and in the following sections an attempt 
is made -to' analyze in more detail the effects of changing the composition of the 
chamber fluid on the over-all potential. 

MeasWemejit of iho-diffnsion potentiak between 0.16 N HCl and mixtures of 
0.16 N HCl and saline'solutions. During the secretion of gastric juice the HCl 
content-o'f the chamber fluid is being constantly increased. The stomach in the 
chambeV- usually undergoes rhjffhmic contractions at .a rate of approximateh>- 
three complete cycles per minute (the fluid in the outlet tube of the chamber (T 2 
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in fig. 1 of a former paper (2)) rhythmically rises and falls). There are also 
rhythmic fluctuations in the outlet tube of the chamber that are correlated with 
the animal’s respiratory movements. These fluctuations are probably due to a 
small displacement of the mucosal chamber by the respiratory movements. It 
is assumed that these rhythmic movements serve to mi.x effectively the secreted 
gastric juice with the fluid in the chamber. Therefore, since the HCl content of 
the chamber fluid increases with time, a knowledge of the magnitudes of the 
diffusion potentials between a hydrochloric acid solution comparable in con- 
centration to gastric juice and mixtures of this hydrochloric acid solution and 
the salines would be necessary in attempting to interpret the changes in the 
magnitude of the over-all potential with time. 

The volume of the fluid in the chamber varies somewhat, depending primarily 
on the position of the serosal electrode (see fig. 1 of a former paper (2)). How- 
ever, the volume of the fluid in the chamber is in the neighborhood of 20 ml. 
(plus or minus a few ml.). The maximum secretory rate in the experiments 
presented in the present paper is in the neighborhood of 15 mgm. of HCl per 10 
minutes. The magnitudes of the diffusion potentials between 0.16 N HCl and 
mixtures of 0.16 N HCl and saline solutions were determined by the method 
described above. The results are shown in figure 3A. The ordinates represent 
the diffusion potential in mv. between 0.16 N HCl and- a given saline-HCl mix- 
ture. The abscissa represents the number of mgm. of HCl added (as 0.16 N 
HCl) to 20 ml. of a given saline solution. It can be seen that for both 0.9% 
and 0.09% saline the addition of HCl results in a decrease in the magnitude of 
the diffusion potential, and that the amount of decrease is greater when a given 
amovmt of HCl is added to 0.09% NaCl than when added to 0.9% NaCl. On 
the basis of these data one would expect the diffusion potential between the 
gastric juice and the fluid in the chamber to decrease with time, and, therefore, 
the over-all potential to increase with time. It will be recalled that the over-all 
potential decreases during approximately the first 3 minutes and then increases 
during the last 7 minutes. Since the over-all potential decreases during the 
first 3 minutes, it is probable that some other factor or factors, in addition to the 
diffusion potential, must be operating. On the other hand, it is probable that 
the increase in the over-all potential during the last 7 minutes is due in part to 
a decrease in the diffusion potential caused by the gradual addition of gastric 
juice to the fluid in the chamber. 

The data presented in figure 3A would lead one to expect, for a given secretory 
rate, a greater increase in the over-all potential with time when 0.09% saline is 
used than when 0.9% saline is used. It was found in every experiment that the 
increase in the potential from its m inim um value to its maximum value at the 
end of a 10-minute period was gi-eater in 0.09% than in 0.9% saline. 

Magnitudes of the diffusion potentials between 0.16 N HCl and mixtures of 0.16 
N HCl and saline solutions and between these latter solutions and saline sohdions. 
"When the chamber is drained and flushed with saline it is possible that there is a 
layer of a mixture of gastric juice and saline near the mucosal surface that is not 
washed out by this procedure. If this is the case, then when 0.9% saline is 
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replaced by 0.09% saline, there would be initially a thin layer of a mixture of 

0. 9% saline and gastric juice near the mucosal surface, while the body of fluid 
in the chamber would be 0.09% saline. 

Theoretical considerations would lead one to expect the interposition of a layer 
of a mixture of 0.9% saline and gastric juice between gastric juice and 0.09% 
saline to decrease the magnitude of the diffusion potential. An attempt was 
made to obtain some idea of this effect by measuring the magnitudes of the 
diffusion potentials between 0.16 N HCl and a half-and-half mixture of 0.16 
N HCl and 0.9% saline, and between this latter solution and 0.09% saline. 

It was found that the potential difference between 0.16 N HCl and a solution 
containing 0.08 N HCl and 0.45% NaCl was 10.5 mv., and the potential dif- 
ference between this latter solution and 0.09% NaCl was 41.5 mv. Therefore, 
the potential difference between 0.16 N HCl and 0.09% NaCl with a solution 
containing 0.08 N HCl and 0.45% NaCl interposed would be equal to 52.0 mv., 

1. e., 10.5 mv. plus 41.5 mv. The potential difference between 0.16 N HCl and a 
mixture of 0.08 N HCl and 0.045% NaCl was 12.0 mv., and the potential dif- 
ference between the latter solution and 0.09% NaCl was 47.5 mv. Therefore, 
the potential difference between 0.16 N HCl and 0.09% NaCl with a solution 
containing 0.08 N HCl and 0.045% NaCl interposed would be equal to 59.5 
mv., i.e., 12.0 mv. plus 47.5 mv. 

Therefore, granting the above assumption, one would expect that initially the 
over-all potential would be higher when 0.9% saline is replaced with 0.09% 
saline than when 0.09% saline is replaced with more 0.09% saline. This was 
actually foxmd to be the case. It will be recalled that the minimum value of 
the over-all potential was greater (by 5 mv., i.e., 21 mv. minus 16 mv., see above) 
when 0.9% saline was replaced with 0.09% saline than when 0.09% saline was 
replaced with more 0.09% saline. It was also found that the initial value of 
the over-all potential was greater in every case when 0.9% saline was replaced 
by 0.09% saline than when 0.09% saline was replaced by more 0.09% saline. 
The average value for this difference was 7.4 mv. with a range of values from 
6.3 mv. to 8.8 mv. (a total of six experiments). 

A somewhat comparable situation would be expected to exist when 0.09% 
saline is replaced with 0.9% saline. Under these conditions the situation would 
be one in which a mixture of 0.09% saline and gastric juice would be initially 
present near the mucosal surface. An attempt was made to obtain some idea 
of the influence of the interposition of this layer on the magnitude of the diffusion 
potential between gastric juice and 0.9% saline by measuring the diffusion poten- 
tials between 0.16 N HCl and a lialf-and-half mixture of 0.16 N HCl and 0.09% 
saline and between the latter solution and 0.9% saline. It was found that with 
a half-and-half mixture of 0.16 N HCl and 0.9% NaCl interposed between 0.16 
N HCl and 0.9% NaCl, the potential difference was 29 mv. (10.5 mv. plus 18.5 
mv.), while the interposition of a half-and-half mixture of 0.16 N HCl and 0.09% 
saline gave a potential difference of 34 mv. (12.0 mv. plus 22 mv.). There- 
fore, when 0.09% saline is replaced wdth 0.9% saline, one would expect the over- 
all potential to be initially a few millivolts less than when 0.9% saline is re- 
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placed with more 0.9% saline. It was found in e^•ely case that the initial 
readings, Avhen 0.09% saline is replaced mth 0.9% saline, Avere lower than Avhen 
0.9% saline was replaced by more 0.9% saline. The aA>'erage difference was 
approximately 2 mv. (range of values 1 mv. to 3.5 mv.). 

Discussion. On the basis of the foregoing observations on the diffusion 
potentials, theoretical potential-time curves Avere consti-ucted on the assumption 
that the potential of the stomach proper (Es in fig. 3B) remains constant and 
that all the changes in the over all potential are due to changes in the diffusion 
potential (Ed in fig. 3B). The curves shoAAm in figure 3C Avere constructed for a 
secretory rate of 10 mgm. of HCl per 10 minutes, assuming the rate of secretion 
remains constant. From the data in figure 2 the diffusion potential, when 0.9% 
saline is replaced by more 0.9% saline, would be expected to be at its maximum 
A^alue (approximately 30 mv.) immediately after the replacement, and then 
decrease over the course of a 10-minute period at an approximately linear rate 
to 26 mv., i.e., after 10 mgm. of HCl had been secreted into the chamber. The 
over-all potential AA’’ould, therefore, be expected to increase in a linear fashion 
by approximately 4 mv. during a 10-minute period (cuiwes A and F in fig. 3C). 
Similarly, Avhen 0.09% saline Avas replaced by more 0.09% saline, the diffusion 
potential Avould be expected to be at its maximum value (approximately 61 mA^, 
31 mv. greater than AAuth 0.9% saline) immediately after the replacement and 
then decrease over the course of a 10-minute period to approximately 39 mA^ 
(a decrease of about 22 mv.). The over-all potential would, therefore, be e.x- 
pected under these conditions to be initially 31 mv. less than with 0.9% saline 
and then to increase in the manner shoAvn in curve D of figure 3C by approxi- 
mately 22 mv. The initial decrease in the over-all potential Avould be approxi- 
mately 7.5 mv. less (59.5 mv. minus 52 mv.) when 0.9% is replaced by 0.09%, 
than AA'hen 0.09% salme is replaced by more 0.09% saline. It Avill be recalled 
that the assumptions were made that a layer of a mixtm’e of 0.9% saline and 
gastric juice Avas initially present after the replacement of 0.9% saline AAdth 
0.09% saline. The actual shape of the curve during the first period in 0.09% 
saline Avould be determined by the rate of addition of gastric juice to the fluid 
and also by the time taken to replace the 0.9% saline-gastric juice layer. It 
is assumed in the construction of the theoretical cuiwes in figure 3C that this 
0.9% saline-gastric juice layer is replaced Avithin approximately 5 minutes. 
The over-all potential cuiwe could, therefore, during the first 5 minutes, gi-adu- 
ally increase AAuth time, or it could temporarily decrease beloAV the initial value. 
This latter possibility Avould be realized if the 0.9% saline-gastric juice laj'^er 
AA’as rapidly replaced. These tAA'o possibilities are illustrated in curves B and C 
of figure 3C. When 0.09% saline is replaced AAoth 0.9% saline, the over-all 
potential AA'Ould be expected to be initially a feAV millivolts less than AVhen 0.9% 
saline is replaced by 0.9% saline (compare initial values of E and F in figure 3C). 

On the basis of the above analysis, it can be seen that most of the character- 
istics of the actual over-all potential cuiwes can be explained on the assumption 
that the changes are due to diffusion potential changes and that the potential 
of the stomach itself (Eg of fig. 3B) does not change. HoAA^eA'^er, the possibility 
is not niled out that some portion of these changes in the over-all potential 
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may be due to changes in the potential of the stomach itself. For example, 
it is possible that a membrane potential exists at the surface of the mucosa which 
would be influenced by variations in the composition of the fluid coming in 
contact with it, and that the composition of this fluid would be partially de- 
pendent on the composition of the fluid in the chamber. 

The one aspect of the over-all potential curves that has not been explained, 
when dilute saline replaces 0.9% saline, is the finding that the over-all potential 
does not drop initially to its minimum value but continues to decrease from its 
initial value for approximately 3 minutes. In this connection it is pertinent to 
note that a decrease of the over-all potential during the first few minutes after 
draining and flushing frequently occurs in the resting stomach when no HCl is 
being secreted. However, in the resting stomach this decrease, which is fol- 
lowed by a corresponding increase, is usually less than 3 mv. and in the great 
majority of cases less than 4 mv. It is reasonable to conclude, therefore, that in 
the secreting stomach this decrease during the first few minutes is at least partly 
due to factors other than the change in the magnitude of the diffusion potential 
between gastric juice and the fluid in the chamber. A factor that might con- 
ceivably play a part in this decrease during the first few minutes is the presence 
of a diffusion potential at the end of the tube containing the saturated KCl. 
The fluid in the chamber from the previous 10-minute period might have re- 
placed the KCl solution at the tip of the KCl tube, which would probably result 
in the establishment of a diffusion potential oriented in the same direction as 
the over-all potential. This factor was ruled out on the basis of the following 
observations. It was found that flushing the KCl junction did not essentially 
change the character of the curves. After flushing this jimction with saturated 
KCl (approximately 0.01 ml. flushed through at a time) the over-all potential, 
especially with dilute saline in the chamber, would in most cases increase by a 
few millivolts and then decrease. Except for this temporary increase following 
the flushing with KCl, the results of experiments in which this junction was not 
flushed during a given 10-minute period are quantitatively similar to those in 
which it was flushed several times. 

Comparison of the magnitude of the decrease of the over-all potential at the 
end of 3 minutes, after 0.9% saline is replaced with 0.09% saline, with the ex- 
pected decrease from the data presented in figure 3A reveals that there is a rela- 
tively good agreement between these two quantities. For example, if one as- 
sumes that 3 mgm. of HCl have been added to the fluid in the chamber by the 
end of 3 minutes, then from the data in figure 3A it can be seen that the ex- 
pected increase of the diffusion potential, when 0.9% saline is replaced vdth 
0.09% saline, is approximately 22 mv. (50.5 mv. minus 28.5 mv.). It will be 
recalled that the average decrease in the over-all potential (determined at ap- 
proximately the end of 3 minutes) during a second consecutive period with 0.09% 
saline in the chamber, when compared to the value when 0.9% saline was in the 
chamber, was 21 mv. Since this agreement is relatively good, it is reasonable 
to^ believe that the actual magnitude of the diffusion potential at the end of 3 
minutes is (from fig. 3 A) approximate^ 50 mv. when 0.09% saline is in the 
chamber, and therefore the magnitude of the gastric potential itself (E* of fig. 
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3B) wEuld be equal to Eo + Ed (20 mv. + 50 mv.), or 70 mv. Similarly, the 
actual magnitude of the diffusion potential at the end of 3 minutes, when 0.9 9? 
saline is in the chamber, would be 28.5 mv., and therefore the magnitude of the 
gastric potential under these conditions would be approximately equal to 4C 
mv. + 28.5 mv., or 68.5 mv. 

In previous work (2, 3, 5) in wEich the application of certain agents to the 
stomach resulted in a decrease in both the secretory rate and the over-all po- 
tential, it was found that after wdthdra-wal of these agents the over-all potential 
did not return immediately to its original level, but only gradually returned 
usually over the course of about one hour. The fact that the over-all potential 
immediately returns to approximately its original value when a dilute saline 
solution is replaced by 0.9% saline, considered in the light of the findings oi 
the previous work, constitutes convincing evidence that the decrease in the 
over-all potential with the dilute saline is essentially due to a change in the magni- 
tude of the diffusion potential. 

The present work and the previously reported work, taken together, offei 
convincing evidence in support of the hypothesis that a decrease in the potential 
of the stomach itself (Eg of fig. 3B) is associated with a concomitant reduction of 
the rate of secretion of HCl. 

It is evident from the present wwk that in studies of the potential difference 
across the stomach, it is important not only to eliminate the liquid junction po- 
tential between the mucosal electrode and the fluid in contact with the stomach, 
but also to know the composition of this fluid. 

SUMMARY 

Replacement of 0.9% saline solution in contact with the mucosa of the se- 
creting stomach by a more dilute saline solution resulted in a decrease in the 
potential difference across the stomach and no significant change in the rate of 
secretion of HCl. A detailed study of the magnitudes of the diffusion potentials 
betw^een HCl solutions, comparable in concentration to gastric juice and saline 
solutions, w^as made in an attempt to demonstrate that the decrease in the po- 
tential difference across the secreting stomach, when dilute saline solutions re- 
placed 0.9% saline solution, is due to an increase in the diffusion potential 
between the gastric secretion and the fluid in contact with it. It is concluded, 
as the result of an analysis of these findings, that the decrease in the potential 
difference across the secreting stomach is due primarily to an increase in the 
diffusion potential and not to a change in electrical characteristics of the stomach 
itself. 
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Experiments have been reported elsewhere upon regeneration of the liver 
after the performance of 69.4% hepatectomy on the partially protein-depleted 
rat (1,2). The data indicated that the regenerative process could be subdivided 
into two phases. A certain portion of the lost liver substance was found to 
regenerate on a nonprotein diet during a 14-day postoperative period. In order 
to increase the degree of regeneration over and above that observed under condi- 
tions of protein starvation, the inclusion of an adequate protein in the postop- 
erative diet was necessary. 

The postoperative feeding of dietary protein led to a further increment of new 
liver substance. When the diet contained sufficient protein to promote a post- 
operative gain in body weight, considerable increments of new liver protein 
were observed. However, one diet which contained insufficient casein to pro- 
mote any gain in body weight was associated nevertheless with a significant 
increment of new liver protein over and above that observed on a nonprotein 
diet. This group attracted attention owing to the possibility that an instance 
had been found where the liver was being favored preferentially by the small 
amount of protein in the diet. 

A further finding that deficient food proteins, such as zein and gelatin, not 
only failed to support body weight gain but failed to promote liver protein re- 
covery suggested that the intake of protein nitrogen could not be the determin- 
ing factor in the promotion of liver-protein formation. Was the regeneration 
of new liver protein, as influenced by dietaiy protein, related to the utilization 
of ingested nitrogen by the body as a whole? Was there any constant allocation 
of dietary nitrogen to the regenerating liver? The nitrogen balance studies 
which follow represent an attempt to define the r61e of dietary protein in regenera- 
tion of the liver by relating the appearance of new liver protein to the nitrogen 
economy of the animal as a whole. 

ExperimentaIi. Groups of 6 male Wistar rats averaging about 250 grams in 
body weight were fed a nonprotein diet for 14 days before the partial hepat- 
ectomy. After operation the same dietary mixture was modified to include a 
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food protein by direct substitution for sucrose. A standard postoperative in- 
terval of 14 days was used. All feeding was ad libitum except for two gi'oups 
in which caloric restriction was required. In these two instances the daily allow- 
ance of food was offered at one time each day. 

The methods described in detail elscAvhere (1) were strictly adhered to. From 
data previously reported it was assumed that 69.4% ± 1.34% of the liver was 
removed at operation. Analytical values obtained from the removed lobes 


Table 1. Relation of nitrogen metabolism to liver protein in a 14-day regeneration period 
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20 
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0.03 

0.29 
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0.17 

26.7 

.0.0 

8.5% gelatin’ . . 

26 

5 
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0.06 

-0.16 
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0.22 
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5% casein . 
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10% casein . . . 
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0 
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56 
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0.45 

0.08 

0.53 

-hO.24 

0.52 

■lIKiH 

48.2 

4.1 

9.3% casein -f- 


















1% methio- 


















nine^ 

14B 

5 

5.58 

52 

264 

225 

247 

mi 

0.35 

0.07. 

0.42 

+0-29 

0.57 

0.33 

52.5 

4.5 
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18% casein . . 

13A 

4 
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59 
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58 
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1.44 

0.85 

0.09 

0.94 

-fO.50 

0.78, 

0.40 

64.8 

4.8 


> Grams per 100 grams initial bods' weight. 

= Isonitrogenous with the 10% casein diet. 

* Isoniyogenous with the preceding casein diet. 

■* Body nitrogen spared or saved above losses on the non-protein diet (0.28 gram). See figure 3, scale A, 

5 N — N' signifies new liver protein N laid down minus that amount appearing on the non-protein diet (27.0 
mgm.). The difference represents the portion of the new liver-protein nitrogen which is attributable to the dietary 
protein. See figure 3, scale B. The ratio shows the percentage of body nitrogen spared or saved which is allocated 
to the liver. 


were multiplied by the factor 1.441 to give the values for the total liver at the 
onset of the operation. The values for the ‘remnant’ left in situ at the close of 
the operation were taken to be 30.6% of those for the total liver. Subtraction 
of the values for the remnant at operation from values obtained at sacriBce gave 
the increment of new substance appearing during the regenerative period. 

Complete data on the composition of the liver for the majority of groups re- 
ported here have been tabulated elsewhere (2). Only the increment of new 
liver protein formed is recorded in table 1. The expression ‘liver protein’ is 
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used for convenience. It is calculated from the difference between the total 
and extractive nitrogen multiplied by the factor 6.25. It is recognized that 
this fraction contains nitrogen of other than protein origin, specifically nucleic 
acid and phospholipid nitrogen. 

The basal non-protein diet was the same as that reported previously (1, 2). 
The food proteins used and their air-dry nitrogen percentage content have also 
been described (2). 

Food consumption was measured dail}’’ and the nitrogen intake calculated. 
Daily collections of the urines were made for 4 days before operation and through- 
out the postoperative period. The animals were housed in circular whe-mesh 
cages. Excreta were collected on acidified filter paper placed in glass dishes. 
The papers were collected each morning at the same hour. The filter paper 
was divided and washed. The washings were brought to a suitable volume and 
aliquots taken for total nitrogen determinations by the micro-Kjeldahl method. 
Stools were pooled by groups and then stored in dilute acid, homogenized in a 
Waring blender, and aliquots analyzed similarily. 

The nitrogen balance figures shoum in figures 1 and 2 for the first 10 days of 
the pre-operative period were obtained from a single group of controls. In all 
instances the small amount of non-protein nitrogen contained in the synthetic 
^dtamin supplement was ignored in computing the nitrogen balance. 

Results. Results are summarized in table 1. The different dietary groups 
are arranged from above downward in the order of increasing increments of new 
liver protein formed. All values represent averages for each group. Each 
column dealing vdth nitrogen values shows the summation for the 14-day post- 
operative period in terms of average initial body weight. The main function of 
the table is to show that there is no uniform relationship between the amount 
of protein nitrogen consumed and the increment of new liver protein. On the 
other hand the nitrogen balance does show a relationship with the formation of 
new liver protein. 

Control values for the protein content of the intact liver under the influence 
of the nonprotein diet have been reported elsewhere (1). These values may be 
summarized as follows expressed as liver protein per 100 grams of initial body 
weight: initial, 0.70 gram; after 14 days on the non-protein diet, 0.40 gram; after 
28 days on the same diet, 0.37 gram. 

Figure 1, on the left, shows the average results when 14 days of protein deple- 
tion were followed by the partial hepatectomy, the nonprotein diet being con- 
tinued postoperatively. Body weight and serum proteins continue to decline. 
The nitrogen balance is negative throughout the course, with a small increase 
in nitrogen loss immediately after the operation. The reduction of the liver 
protem by both protein starvation and operation is shown. In the terminal 
column the stippled area represents the increment of new liver protein formed.® 

’ The difierences between the liver protein increments, shown in the terminal liver- 
protein colmnns of figures 1 and 2, are highly significant by the t-test of Fisher (3) between 
successive groups (fig. 1), t = <.01; 5% casein versus 10% casein, t = <.01; 10% casein 
versus 18% casein, t = < .02. 
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On the right of figure 1 the postoperative diet has been modified to include casein 
at a level of 5% of the diet. Body weight and serum proteins have achieved a 
plateau after operation. The nitrogen balance after operation is indicated by 
the upper line and is seen to approach equilibrium but not to reach positive 
balance. The lower line delimiting the heavy diagonal shading shows the nega- 
tive nitrogen balance of the group on the nonprotein diet. This is included to 
emphasize that the small amount of casein ingested, though not sufficient to 
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Fig. 1. Average values for body weight, serum protein, liver protein and nitro- 
gen BALANCE DURING A 2S-DAY EXPERIMENTAL PERIOD. Broken ordinate lines indicate that 
associated values are derived from control groups. In the postoperative nitrogen balance 
of the group fed 5% casein, the heav}”^ diagonal shading represents the nitrogen losses of the 
group on the non-protein diet. 

promote a positive nitrogen balance, has spared considerable nitrogen which 
would otherwise have been lost. In the terminal liver protein column the 
stippled area is increment which would be expected to occur in the absence of 
dietary protein. The solid block on the column is the portion of the increment 
which is attributable to the ingestion of the casein. It must be conceded that 
the extra increment of liver protein indicated by the solid block cannot be a 
function of nitrogen made available above the requirements of maintenance, 
for in this instance maintenance requirements have not been surpassed. 
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Figure 2 on the left shows a group fed a 10% casein diet postoperatively. The 
pre-operative losses of body weight and serum proteins have been partially 
restored. A positive nitrogen balance has been established. The area of the 
positive nitrogen balance does not completely offset the pre-operative nitrogen 
loss. The increment of liver protein is larger. The surgical loss has been re- 
placed, but the pre-operative dietetic loss has not. On the right of figure 2 
casein has been fed at the 18% level. Body weight and serum proteins have 
risen further. The pre-operative body nitrogen loss has been replaced. A 
further rise of liver protein has occurred although regeneration to the pre-experi- 
mental level is not complete. 


— Jhet — Diet — 



Fig. 2. Similar values to those of figure 1 for groups fed 10 and 18% casein after 
OPERATION. As in figure 1 the heavy diagonal shading in the nitrogen balance shows the 
nitrogen losses of the group on the non-protein diet postoperatively. Therefore, the sum 
of the heavy diagonal and vertical shading represents bodj' nitrogen made available to the 
animal over losses on a non-protein diet. 

As is seen in table 1, whole egg protein (experiment 27) at a dietary level 
isonitrogenous with 10% casein gave results which almost exactly superimpose 
upon those obtained with 18% casein. A further group (experiment 28) was 
fed casein at an intake identical with the 10% casein group (experiment 14A), 
but with carbohydrate so restricted that the caloric consumption was approxi- 
niately 34% of the ad libitum intake. This group failed to sustain a positive 
nitrogen balance. Liver protein and nitrogen balance results were comparable 
to the 5% casein diet group. 

The second group in table 1 (experiment 20) was restricted to 50% of the 
amount of the nonprotein diet which was eaten ad libitum. Although this 
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group lost more body weight as a result of the caloric restriction, there was no 
great increase in nitrogen excretion, and the replacement of new liver protein 
was not adversely affected. 

The supplementation of the 5, 10 and 18% casein diets with extra methionine 
resulted in a consistent trend toward a more favorable nitrogen balance and a 
larger liver-protein increment. None of the 3 pairs of experiments, which were 
conducted concurrentty, showed a statistically significant difference. Neverthe- 
less, the consistent difference in the average results suggested that the methio- 
nine exerted a certain measurable effect. 

Analysis of the data sho^vn in table 1 disclosed a close correlation between the 
amount of new liver protein formed and the intake of casein nitrogen, provided 
ad libitum feeding was allowed. However, when an adequate intake of casein 
nitrogen was combined with restriction of calories, as in experiment 28, the 
amount of new liver protein formed was reduced. Again, the use of proteins 
other than casein led to the appearance of new liver protein in amounts which 
bore no close relation to the amount of protein nitrogen ingested. For example, 
the nitrogen consumption in the gelatin-fed group (experiment 26) was greater 
than in the 5% casein group (experiment 8A), yet the liver-protein increment 
was much smaller in the gelatin group. Conversely the egg-protein group (ex- 
periment 27) consumed less nitrogen than the ginup on 18% casein (experiment 
13A), yet the increment of new liver protein was the same. It was apparent 
that the liver-protein increment was not related to the protein-nitrogen intake 
under all conditions studied. The most satisfactoiy correlation which the data 
could provide was found to be between the liver-protein increment and the 
nitrogen balance as sho-wn in figure 3. 

Figure 3 is a plot of the results of aU individual animals which provided the 
average figures recorded in table 1. These average values are also plotted. The 
correlation is seen between the nitrogen balance and the increment of new liver 
protein. It will be noted that the scatter of results within each dietary group 
does not disturb the correlation. Individual variations in the summated 14- 
day nitrogen balance tend to be associated with a proportional difference in the 
liver-protein increment. Thus the variations in indi^ddual response, of which 
food intake would be an example, support rather than detract from the thesis 
that the amount of new liver protein formed is a function of the prevailing 
nitrogen balance. 

The line formed by the plotting appears linear between the lowest groups on 
the nonprotein diet and the region of the group fed the 18% casein diet. Be- 
yond this point there is a suggestion of an upward curvature. This may mean 
that the nature of the relationship becomes modified as the protein nutrition of 
the animal approaches the pre-experimental level. It has been noted in dis- 
cussing figure 2 that the group fed the 18% casein diet had regained the body 
nitrogen which was lost in the pre-operative depletion period. At this stage of 
realimentation one might expect the nitrogen balance to become a decreasing 
variable, in which case the liver protein must achieve the final increase to the 



NITROGEN METABOLISM DURING LIVER REGENERATION 


397 


pre-expei'imental level without a proportional further increase in the positivity 
of the nitrogen balance. 

On the inner scales (A and B) of fi^re 3 the same values are shown as on the 
outer, the only difference being that the values for the ad libitum nonprotein 
diet group are taken as zero. These scales enable one to read off the constant 
proportionality expressed by the linear portion of the slope. Scale A now rep- 
resents the nitrogen spared or saved for the body over losses occurring on a 
nonprotein diet. Scale B shows the liver protein nitrogen laid dovTi in the 
liver over and above the amount which would be formed in the absence of dietary 
protein. It is seen that for every 100 mgm. of nitrogen spared or saved for the 
body, approximately 4.0 mgm. appear in the liver. 
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Fig. 3. Correlation between the shmmated 14-dat postoperative nitrogen bal- 
ance AND THE INCREMENT OF NEW LIVER-PROTEIN NITROGEN. Large points represent aver- 
age values for each dietary group. Scales A and B show the same units as on the outer 
scales, but modified in that the average values of the group on the non-protein diet are taken 
as zero. 


This ratio for the various groups is also shoini in table 1, calculated as the 
percentage of nitrogen, made available to the body by virtue of the protein in 
the diet which appears in the liver. The relative constancy of the ratio leads 
to the conclusion that under the conditions of these experiments there is a con- 
stant allocation of the dietary nitrogen to the regenerating liver. 

The concept is thus presented that dietary protein plays a role in liver regenera- 
tion by vh-tue of its function in sparing body nitrogen which would be lost on a 
protein-free dietary regimen. Furthermore, dietaiy protein may exercise this 
function irrespective of whether or not a positive nitrogen balance results. Fi- 
nally, the most effective exercise of this function of protein demands conditions 
favorable to utilization of the protein nitrogen by the bodj"- as a whole. Condi- 
tions which have been specifically tested include an adequate associated caloric 
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intake and a protein capable of being adequately utdized by virtue of its amino 
acid composition. 

An experiment which failed to conform to the correlation is represented bj'^ 
the group on the gelatin diet. From figure 3 it will be seen that the summated 
nitrogen balance is negative, though not so strongly negative as on the nonprotein 
diet. Despite the fact that some body nitrogen appears to have been spared 
over losses on the nonprotein diet, none of the spared nitrogen has been added 
to the liver. The liver-protein increment is actually a little less than appeared 
on the non-protein diet. Although the behavior of this gi’oup does not affect 
the general thesis, it does suggest that in this instance of an incomplete dietary 
protein, other factors may be opei'ating which elude detection by the nitrogen 
balance technique. 


SUMMARY 

1. Rats were exposed to a 14-day period on a protein-free diet, followed by 
69.4% hepatectomy. Various protein-containing diets were offered postopera- 
tively over a 14-day period, during which nitrogen balances were determined. 
The increment of new liver protein formed postoperatively was determined. 

2. The introduction of protein into the postoperative diet led to increases in 
new liver-proteiu formation in proportion to the effect of the diet upon the nitro- 
gen balance of the animal as a whole. The relation of new liver protein formed 
to the nitrogen balance was linear on both sides on nitrogen equilibrium but 
became curvilinear as complete regeneration to pre-experimental levels was ap- 
proached. In the linear portion of the slope the ratio of new liver-protein nitro- 
gen over and above the level achieved on a nonprotein diet to the body nitrogen 
made available over losses on a nonprotein diet was approximately 4%. 

3. Diets containing casein at 3 dietary levels, alone and with added methionine, 
casein "with limited calories and whole egg protein gave results which conformed 
to the correlation described. An exception was found in a group fed gelatin in 
which a depression of liver protein regeneration occurred which was out of pro- 
portion to the effect upon body nitrogen metabolism as measured by the nitro- 
gen balance. 

4. Dietary protein exerts its effect upon the regeneration of liver protein as a 
fvmction of the body nitrogen spared over nitrogen losses on a protein-free diet. 
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Studies on the composition of the liver during a 14-day regeneration period 
after partial hepatectomy have been reported elsewhere (1). Casein-fed ani- 
mals were compared with animals subjected to both pre-operative and postop- 
erative protein starvation. It was found that a gi'eater degree of regeneration 
took place in the protein-fed series but that considerable hepatic regeneration 
could occur in the absence of protein in the diet. 

The literature does not afford quantitative data on the effect of dietary pro- 
tein upon the composition of the various liver components during regeneration 
following partial hepatectomy. Previous authors have been concerned primarily 
with measurements of total liver mass (2), of cellular mitotic activity (3) or of 
the fat (4) or glycogen (5) component. No one group of previous experiments 
provides data on the composition of the gain on varied dietaries. Even the 
reappearance of liver protein has not been studied after partial hepatectomy. 

In intact animals the regeneration of liver protein after a period of fasting of 
from 2 to 7 days has been measured by several investigators (6) who showed 
that high casein diets after fasting replaced the liver protein lost vdthin 2 to 7 
days. Harrison and Long (7) quantitated the regeneration of liver protein 
during a 4-day refeeding period after a 2-day fast. They showed that incomplete 
food proteins were less effective than casein or lactalbumin and provided evidence 
which suggested that complete regeneration of liver protein was contingent 
upon complete realimentation of the animal as a whole. 

The losses in liver protein following starvation or protein depletion are well 
known. Addis, Poo and Lew (6) found a loss of 40% after 7 days of fasting in 
the rat. Kosterlitz and Campbell (8) found a similar loss on a nonprotein diet 
during the second week. In either type of depletion further prolongation of 
the starvation period was not associated with any further sharp decline in liver 
protein. Kosterlitz (9) showed that starvation losses of liver protein come 
largely from the cytoplasm with no decrease in the number of cells. 

In the following experiments we have combined the nonprotein diet depletion 
technique with partial removal of the liver. In a previous report (1) we have 

' This work was made possible in part by the Merck Fund for Surgical Research. 

This material was presented in part before the American Society of Biological Chemists 
in Chicago, May 18, 1947. Fed. Proc., 6: 299, 1947. 

-Harrison Fellow in Surgical Research. Present address: Department of Surgery, 
McGill University, Montreal, Quebec. 
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shown that a 14-day period on a nonprotein diet reduced the liver protein of 
our rats by approximately 42%. Surgical removal of 69.4% of the remaining 
liver substance gave a net reduction of liver protein to approximately 17% of 
the pre-experimental value. Immediately after operation the food protein to 
be tested was introduced into the diet. The changes in amount and composi- 
tion of the regenerated liver at the conclusion of a 14-day postoperative period 
were observed. 

Experimental. Groups of 6 male Wistar rats averaging about 250 grams in 
bod}?^ weight were fed (ad libitum) a nonprotein diet for 14 days before the partial 
hepatectomy. After operation the same dietary mixture was modified to in- 
clude the test food protein b 3 '' direct substitution for sucrose. A standard post- 
operative interval of 14 days was used, dm’ing which the protein-containing diet 
was fed ad libitum. 

Full details of the methods emploj’’ed have been described elsewhere (1). 
From data previously reported it was assumed that 69.4% ± 1.34% of the liver 
was removed at operation. Analytical values obtained from the removed lobes 
were multiplied by the factor 1.441 to give the values for the total liver at the 
onset of the operation. Tlie values for the remaining ‘remnant’ left in situ 
were taken to be 30.6% of those for the total liver just prior to operation. Sub- 
traction of values for the remnant at operation from values obtained at sacrifice 
gave the increment of new substance appearing during the regeneration period. 

Liver analyses were made subsequent to operation and sacrifice for water, 
glycogen, lipid, total nitrogen and extractive nitrogen. The expression ‘liver 
protein’ is used for convenience. It is calculated from the difference between 
the total and extractive nitrogen multiplied by the factor 6.25. It is recognized 
that this fraction contains nitrogen of other than protein origin, specifically 
nucleic acid and phospholipid nitrogen. 

The standard nonprotein diet was the same as that reported previously.® The 
air-dr}’- nitrogen percentage of the various food proteins was as follows: casein, 
13.80; gelatin, 16.22; zein, 14.80; gluten, 13.80; liver protein, 13.65; fibrin, 14.80 
and whole egg protein, 12.48.^ 

Eoom temperature was maintained at approximately 28‘’C. 

^ Basal nonprotein diet, parts per 100 grams: sucrose, 91; codliver oil, 3; celluflour, 2; 
salts, 4. Vitamin supplement, mgm. per 10.0 grams of food: thiamin, riboflavin and pyri- 
do,\ine, 0.1 ; nicotinic acid, 1.0; inositol, 6.0; p-aminobenzoic acid, 2.0; calcium pantothenate, 
0.6; choline chloride, 20.0. We wish to thank Doctor Hans Molitor for a gift of the syn- 
thetic vitamins used. 

■' Casein: j^453 fat-free casein, Casein Manufacturing Co., Bainbridge, N. Y. 

Gelatin: special gelatin B-121-1, The Knox Gelatin Protein Products, Inc., Camden, N. J. 

Zem: X grade. Corn Products Refining Co., New York, N. Y. 

Ghden: wheat gluten, The Pure Gluten Food Co., New York, N. Y. 

Liver Prolehi: liver protein digest 7-6075, Lederle Laboratories, Pearl River, N. Y. 

Fibrin: bovine blood fibrin powder. The Wilson Laboratories, Chicago, 111. 

Egg Protein: defatted whole egg protein, obtained from Doctor James B. Allison and 
Doctor P. Swanson. 
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Table 1. Effect of dietary protein upon regeneration of the liver in a 14-day postoperative period 
(Grams per 100 grams initial body weight) 
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Results. Ninety-five rats were used.® The results from 78 animals which 
completed the experimental period are shown in table 1. The average values 
for the amount and composition of the liver at the time of operation agree closely 
with those already reported for animals similarily prepared. The averages of 
various dietary gi’oups are recorded from above do'wnward in the order of in- 
creasing increments of new protein appearing in the liver. It vill be observed 
that the values for the total liver mass at sacrifice show a similar trend, but 
that maximal values have been reached mth the 10% protein diets. The same 
applies in general to the values for water. The glycogen values at sacrifice are 
greatest in the rats receiving 10% protein diets and tend to fall Avith increasing 
amounts of protein in the diet. The lipid values, as would be expected, are 
greatest in the rats on the nonprotein diet. There is very little variation at 
sacrifice in the absolute amount of hepatic lipid present in the rats on the pro- 
tein-containing diets. 

The increments for the water, glycogen and lipid components may be cal- 
culated readily. When this is done it is apparent that the glycogen increment 
is greatest in the intermediate range of dietarj’’ protein consumption and some- 
what less at low and high levels of intake. The lipid increment is quite constant 
in all groups. The principal components contributing to the gain, as food 
protein consumption increases, are protein and water. 

The amount of new liver protein appearing on the nonprotein diet following 
partial hepatectomy was 0.17 gi-am. Casein fed at increasing levels resulted 
in increasing increments up to 0.44 gi-am on the 27% diet. The introduction 
of additional methionine to the casein diets led to small but consistent increases 
in the new protein. The other proteins were fed at levels isonitrogenous vnth 
the 10% casein diet. The results in terms of liver-protein increment appear to 
parallel the kno^vn ability of these proteins to realiment the protein-depleted 
rat, an ability knoum to be related to their amino acid composition (10, 11). 
Thus gelatin and zein resulted in no increase above that observed on the non- 
protein diet, while fibrin and whole-egg protein show a gi’eater increment than 
casein fed at a similar level. 

The liver protein removed by operation has been replaced by the use of the 
10% liver protein and 10% casein diets. The more effective diets have sur- 
passed this mark, not only replacing the loss incurred at operation but also a 
portion of the pre-operative dietetic loss. Control data already reported (1) 
have shovTi that intact animals prior to protein depletion have a liver protein 
of 0.70 gram per 100 grams of body weight. This level was not regained in anj’" 
of the feeding experiments following partial hepatectomy. 

The average total food intake during the 14-day preoperative period of non- 
protein feeding was 55.0 grams d: 6.0 gi’ams per 100 grams of initial body weight. 
The animals generally ate the nonprotein diet in large amounts for 3 to 5 days, 

= Two animals died at operation and 12 in the postoperative period. Three others were 
removed from the series, one because of jaundice and anorexia, two because of accidents 
during the nitrogen analyses. 
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after which the intake gradually declined. The average preoperative weight 
loss amounted to 18% ± 2% of the initial body weight. Variations in total 
postoperative food intake are apparent from table 1. The two groups on the 
nonprotein diet ate 41.0 and 40.0 grams per 100 grams of initial body weight. 
The addition of protein to the mixture resulted in increasingly large food con- 
sumption, up to 69.0 grams in the 10% liver protein and fibrin groups. 

Postoperative body weight changes are also shovm in table 1. Animals on 
the nonprotein diet continued to lose weight, as did those on gelatin and zein 
diets. The ingestion of the 5% casein diet greatly reduced the weight loss. 
Although no gain occurred in body weight in these groups, a substantial increase 
in liver protein was observed. At higher levels of protein intake the increase in 
both body weight and liver protein appeared roughlj’- parallel. 

Attention is drawn to the groups fed 5% casein with and without methionine. 
Without showing a gain in body weight they displayed a significant increase in 
liver protein over the groups on the nonprotein diet. These data suggest a 
selective action of the dietary protein upon the liver which was not readily re- 
conciled with the apparent parallelism between body weight and liver-protein 
recovery at the higher levels of protein intake. Further studies have been 
undertaken, using the nitrogen balance as an index of dietary protein utilization, 
in an attempt to define more precisely the relationship between liver protein 
regeneration and the protein metabolism of the animal as a whole. These 
results will be reported later. 


SUMMARY 

1. Rats subjected to a period of 14 days on a nonprotein diet, followed by 
69.4% hepatectomy, were found to regenerate a constant amount of new liver 
substance while consuming a nonprotein diet during a postoperative period of 
14 days. All normal liver components, including liver protein, were found to 
contribute to the regeneration vdthout gross distortion of their normal pro- 
portions. 

2. The inclusion of the more adequate food proteins in the postoperative diet 
was associated with significant increases in amount of regeneration over and 
above that which occurred on a nonprotein diet. Such increases occurred pre- 
dominantly in the water and protein components. 

3. Progi-essive increases in the intake of a single protein (casein) were as- 
sociated with progressive increases in liver protein. The introduction of extra 
methionine at a 1% level into each casein djet appeared to augment the effect 
of casein alone to a small but consistent degree. 

4. The feeding of other proteins at dietaiy levels isonitrogenous with the 10% 
casein diet led to widely varied effects. Gelatin and zein led to no more re- 
generation of liver protein than occurred on a nonprotein diet, ^^^leat gluten 
showed a moderate increase. Liver protein was comparable to casein. Fibrin 
and whole-egg protein led to a greater amount of new liver protein than did 
casein at the same dietary level. 
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WORKING CAPACITY IN PATIENTS WITH ORTHOPEDIC 
HANDICAPS FROM POLIOMYELITIS 

-I. Energy Expenditure in Walking at Various Speeds and Grades^ 
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Minneapolis, Minnesota 

In spite of the progress in physical therapy, the proportion of patients with 
remaining orthopedic handicaps resulting from infantile paralysis is large enough 
to be of concern for their employment as well as their capability to meet the 
demands of eveiyday life. During and after the war, much work has been done 
on rehabilitation of patients with mutilations from war or industrial accidents 
(1), from which undoubtedly patients with orthopedic handicaps from other 
causes will benefit. However, the approach has been entirely empirical so far. 
It seems that an assessment of the working capacity of such patients, based on 
the analysis of fundamental physiological functions, Avould be a superior pro- 
cedure. It is the purpose of this communication to provide some experimental 
data for this approach. Working capacity is a complex integral of various 
functions (2, 3), but their importance for patients with orthopedic handicaps 
differs vddely. For instance, there is no reason to assume a decrease of pulmo- 
nary or cardiovascular capacity. Thus, the task of determining the physiological 
basis of Avorking capacity is primarily restricted, in fact to two areas — energetics 
and motor coordination. Both are intimately interrelated. 

In the present Avork both energetics and motor coordination AA^ere studied in 
AA^alking on a motor-driven treadmill at various speeds and grades. Walking is, 
perhaps, the most important type of physical activity in its general significance. 
Motor coordination AA^as inA^estigated by means of high-speed motion pictures; 
the results obtained aadU be published elsewhere. The present conununication is 
concerned with the energetics of walking. 

To our knowledge, only Steindler (4) has investigated the energy cost of walk- 
ing on a treadmill in patients Avith handicaps from infantile paralysis. The 
increase of the energy expenditure in 13 patients (from 6 to 20 j^ars of age) was 
stated to range from 16.8 to 150.8% above 'normal.’ The speed of the treadmill 
was not given, and obAuously only one speed was investigated at zero grade (hori- 
zontal). No comparatKe data of normal subjects, inA’^estigated in the same lab- 
oratory, were communicated; the comparison refers probably to some ‘aA''erage’ 
data in the literature. 

Obviously, crippled persons aa-iII show a Avide range of energy’- expenditure in 
walking, depending on the degree of orthopedic handicap. 

^ This A\'ork was aided by a grant from the National Foundation for Infantile Paralysis. 
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Patients and subjects. In our opinion, a thorough investigation of the trends 
of the energy expenditure with variation of speed and grade will be much more 
revealing as to the physiological consequences of the handicap than investigation 
of a larger number of patients only at one speed and grade could be. Our inves- 
tigations were performed on two patients Avho were at the extreme limits of 
orthopedic handicap. Anthropometric data on -these patients are given in 
table 1. 

One patient, J. D. (21 years of age), had recovered from poliomyelitis 10 years 
ago. Except for an atrophic right leg, J. D. was of an athletic type of body 
build with well-developed muscles. All muscle groups of the right leg were 
markedly atrophic and the length of the leg was 1 1 cm. shorter than the left leg. 
The patient used braces, although he wa.s able to walk without them for short 
distances. His impairment was such that the right leg appeared to be passive in 
AvaUdng, acting like a pivot, around ivhich the left leg was swung. It was only 
with some apprehension that a first test was made at a slow speed; we had the 


Table 1 Height, weight and measurements of circttmfei cnees (cm.) on subjects J. D. and E. B. 



J D 

1 

F B 

Left leg, middle thigh 

1 

63 , 

41 

Right leg, middle thigh 

44 

44.5 

Left leg, middle calf 

42 

34 

Right leg, middle calf 

21 5 

34 

Height cm. 

182 

168 

Weight kgm 

77.4 

56 0 

Chest j 

100 

83 

Abdomen 

85 

67.5 

1 


impression that his degree of impairment was about the limit for an investigation 
of this type. 

The other patient, E. B. (17 years of age), had had a remarkable recover}'' 
from a paralysis of both legs during the acute phase one year before our experi- 
ment. His gait appeared to be perfectly normal at all speeds and grades, even at 
4 m.p.h. and 10% grade, which is strenuous even for a normal subject. E. B. 
was of the asthenic type. 

It seemed that by investigation of two patients at the extremes of recovery a 
reasonable exploration of the problem as a Avhole could be made and that investi- 
gation of cases Avith intermediate degrees of handicap Avould add comparatively 
little essential information. Investigation of patients AA'ith intermediate degrees 
of handicap, howeA'er, is desirable for the analysis of Avorking capacity of the 
individual patient. 

For comparison, the values of two normal subjects at 16 Amiations of speed 
and grade Avere available (5), ranging from 2.5 to 4 m.p.h. and 0 to 10% grade. 
These tAvo men AA’^ere very similar to patient J. D. in age, height and Aveight. The 
A-^alues obtained on groups of 7 and 47 subjects at tAVO variations (2.5 m.p.h., 0 
grade and 3.5 m.p.h. 10% grade) coincided AA^ell with the data of these tAvo sub- 
jects. Patient J. D. AA’^as not able to walk at speeds higher than 3 m.p.h. For 
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this reason, he was investigated at 12 variations of speed and grade ranging from 
2 to 3 m.p.h. and from 0 to 10% grade. No normal values at 2 m.p'.h. are 
available; this speed is very slow for a normal subject, but was J.D.’s usual 
speed of walking. 

METHOD 

The method was the same as that used in our study in normal subjects (5), 
except that the walking period was 15 to 20 minutes instead of 30 minutes. The 
sample collection was started after 7 or 8 minutes walking, so that a steady state 
could be assumed. The existence of a steady state was controlled on several 
occasions by means of a setond measurement of energy exchange, made a few 
minutes after the first one, while the subject continued walking. The first actual 
experiment was performed after two or three trial experiments, in order to elimi- 
nate technical training. The variability between repeat experiments of the 




Fig. 1. Increase of energy expenditure of two poliomyelitis patients (E. B. and J. D.l 
at different grades and speeds in walking on a treadmill, compared to the average of two 
normal subjects. 

Fig. 2. Breakdown of the steady state of oxygen consumption of poliomyelitis patient 
E. B. in walking at higher speeds and grades. The arrows show the increase of oxygen con- 
sumption from a first sample (solid line) , taken after 8 minutes walking, to a second sample, 
taken after 14 to 15 minutes walking (broken line). 

same variation on different days was within normal limits (± 3% of the mean). 
No training trend was apparent. 


RESULTS 

Energy cost. The excess energy expenditure (above the basal rate) was calcu- 
lated in terms of Cal. per meter of distance walked per kgm. body weight. The 
calculation per kgm. body weight was necessary because of the large difference of 
the body weight between E. B. and the other subjects. It was shovm (5) that 
this procedure of calculation decreases the interindividual variability consider- 
ably. Figure 1 shows the values at four grades (0 = horizontal, 5%, 7.5% and 
10%) plotted with increasing speed. The nomal curves (N) were obtained as 
averages of the two normal subjects, which was pennissible, since the values of 
A.B. and D.M. coincided veiy closely at all 16 variations. It can be seen that 
the values of E. B. are practically identical v-ith the normal values (N) up to a 
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speed of 3.5 m.p.h. In view of the gi’eat weight difference between E, B. and 
the two normal subjects the agreement is amazing. At 4.0 m.p.h., however, the 
curves of E. B. slope up somewhat steeper indicating that at this speed E. B. 
approaches his limit more closely than normal subjects do. 

The energy expenditure of J. D. was markedly higher at all variations of speed 
and grade investigated. At the slow speed of 2.0 m.p.h., 0 grade, he used as much 
energy as a normal subject at 3.5 m.p.h.; his energy expenditure at 3.0 m.p.h. 
and zero grade is so high that it is improbable, from the trend of the curves, that 
a normal subject would approach it even at a considerably higher speed. Per- 
haps even more significant is the steep increase of the energy expenditure in grade 
walking at 3 m.p.h., especially at 10% grade. The large waste of energy is due 
to the extensive use of auxiliarj’- muscle groups, working under unfavorable con- 
ditions of leverage, and performing extra movements for maintenance of equilib- 
rium, which are only indirectly used for the movement of the body as a whole. 


Table 2. Relative energy expenditure of two poliomyelitis patients as percentages of average 
normal values, during walking on the treadmill 


SUBJECT 

GRv\DE 

SPEED (m.p.h.) 

. 

2.5 

3.0 

3.5 

4.0 

E.B. 

0 

91 


111 

135 


5 

102 


107 

111 


7.5 

98 

109 

100 

106 


10 ' 

i 

99 

100 

107 

111 

J. D. 

0 

263 

237 





5 

174 

205 

— 

1 


7.5 

149 

178 

— 

— 


10 

136 

182 

— 

— 


This means that a patient with such a degree of orthopedic handicap does rather 
heavy work when walking at a moderate speed. At 3 m.p.h., 10% grade, J . D.’s 
energy expenditure exceeds that of normal subjects at 4 m.p.h., 10% grade, a 
variation which many normal subjects would not be able to maintain for a pro- 
longed time. In terms of the ability to expend energy J. D- belongs in the 
athletic class. 

We expected that the percentage difference of the energy expenditure between 
normals and poliomyelitis patients would increase with the grade, but this was 
not the case (table 2). In E. B. the increase of the energy expenditure at 4 
m.p.h. was most pronounced at zero grade. In J. D. the percentage increase 
was most pronounced at zero grade both at 2.5 and 3.0 m.p.h. and declined with 
increasing grade. The rate of decline is more pronounced at 2.5 m.p.h., probably 
because other factors counteract the relative saving of energy in grade walking at 
the higher speed of 3.0 m.p.h. This is indicated by the trend of the curves at 3 
m.p.h. (fig. 1). The relative greater economy of grade walking than of ^horizontal 
walking suggests that a substantial proportion of the auxiliary movements in 
horizontal walking can be utilized for climbing. This should not be interpreted, 
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of course, that grade walking is easier than horizontal walking for the poliomye- 
litis patient, since the absolute energy expenditure increases udth the grade. 

Net efficiency. In our previous communication (5) we calculated the net ‘effi- 
ciency of climbing’ from the caloric equivalent of the amount of body lift divided 
by the difference of energy expenditure between grade and horizontal walking. 
This calculation, first suggested by Zuntz, was used by Benedict and Mursch- 
hauser (6), Smith (7) and others and may be regarded as a common expression 
for the efficiency of climbing. 

Some objections were raised (5) against such method of calculation, which can 
now be further substantiated. The net climbing efficiency was calculated for 
J. D. at a speed of 2.5 m.p.h. for 5%, 7.5% and 10% grade and compared to the 
values of the normal subjects A. B. and D. M. (table 3). At all grades, the 
climbing efficiency of- J. D. was much better than that of the normal subjects, 
but this was due to the large energy waste of J. D . at horizontal walking. A con- 


Table 3. Mechanical ‘efficiency’ of climbing for poliomyelitis patient J. D., compared to two 
normal subjects (A. B. and D. M.) at a speed of 2.5 m.p.h. 


‘SUBJECT 

EFFICIENCY IN PER CENT 


1 Grade 


5% 

7.5% 

10% 

A.B i 

31.7 

31.4 

30.0 

D. M 

28.3 

31.6 

28.7 

J. D 

40.9 

42.3 

38.3 


elusion of a better climbing efficiency of J. D. would be inaccurate, since his 
energy expenditure is higher at all variations. We feel that these results dis- 
credit the common procedure of calculating net climbing efficiencies as well as 
differential efficiencies between two loads in other tj^pes of work (8, 9, 10). 

Effect of braces. The effect of braces on the energy cost was investigated with 
J. D. at the slowest speed (2 m.p.h.) and zero grade. Instead of an average of 
3.4 excess Cal. per minute vdth braces, J. D. used 5.4 excess Cal. per minute. 
The pronounced increase of energy consumption when walking without braces 
explains J. D.’s inability to walk without braces for more than a short distance. 
In another experiment at 2 m.p.h. and zero grade, J. D. held on to a support 
mounted beside the treadmill. This type of support, roughly comparable to 
that which might be obtained by means of a solid walking stick, did not pro- 
duce any saving of energ 3 ^ 

Maintenance of steady state. The normal subjects were able to maintain a 
steady state of oxygen consumption at all combinations of speeds and grades for 
at least 30 minutes. J. D. v^as able to maintain a steady state of oxj'-gen con- 
sumption for at least 20 minutes up to 2.5 m.p.h. and 7.5% grade. At 2.5 m.p.h. 
and 10% grade, the maintenance of the steady state was not controlled by gas 
anab’-sis, but there was no increase of the blood lactic acid (6.5 mgm. per 100 cc.) 
above the resting level (6.7 mgm.) after the end of the exercise. It is, therefore. 
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probable that J. D. was able to maintain a steady state also at this variation. 
Unfortunately, no determinations were made at 3 m.p.h. J. D. was, aside from 
the atrophy of his right leg, an athletic individual, and the results at 2.5 m.p.h. 
led us to believe that he was able to maintain a steady state at all speeds he was 
able to walk. This might well be the case, but when different results were ob- 
tained with E. B., patient J. D. was not available for further study. 

Figure 2 shows the results obtained in E. B. ; the solid lines represent the oxygen 
consumption at the time of the first sample with increasing grade, and the dotted 
lines the o.xygen consumption at the time of the second sample, which was taken 
a few minutes after the first one. The vertical arrows between both lines repre- 
sent the breakdown of the steady state. The difference between the first and the 
second sample increases vfith grade and speed. At all other variations E. B. was 
able to attain and maintain a steady state. Although the difference between 
first and second sample increases with the level of oxygen consumption, the level 
of oxygen consumption is not the only factor responsible for the failure to main- 
tain a steady state. At the same ox3''gen consumption the breakdown of the 
steady state seems to be more pronounced at higher grades. 

It is interesting that E. B.’s energy cost was noi-mal at all these variations 
except 4 m.p.h., 10% grade, where it was slightly increased. The maintenance 
of the steady state is obviousl}'- a different and more sensitive criterion ‘for muscu- 
lar weakness than the energy cost. The subject would not have been able to 
continue walking at any of these variations for a much longer time; in fact, he 
completed the hardest variations only ndth effort. 

Respiratory efficiency. The respiratory efficiency, expressed as cc. oxygen 
consumption per 100 cc. pulmonary ventilation, ranged in the normal subjects 
A. B. and D. M. from 4.72 to 5.40 and from 4.67 to 5.12, respectively, in the 
various combinations of speed and grade investigated. In E. B. the respirator}’- 
efficiency ranged between 3.83 and 5.03, and in J. D., between 3.46 and 4.66. 
The values of E. B. overlap with the normal values but are lower on the average, 
while the values of J. D. are so low that there is no over-lapping between his 
values and the normal values. The values of A. B. and D. M. are by no means 
high for normal subjects. At 3.5 m.p.h., 10% grade, values of 32 normal subjects 
were available for comparison. The average of this group was 5.54 with a stand- 
ard deviation of ±.412. The values of A. B. and D. M. at this variation were 
5.21 and 4.98, compared to 4.58 in E. B. and 3.46 in J. D. at 3 m.p.h. (no value 
at 3.5 m.p.h. was available for J. D.). 

More interesting than the general range or the average values at a given valua- 
tion of speed and grade is the trend of respiratory efficiency with speed. In 
A. B. there was a tendency of an increase of respiratory efficiency with the in- 
crease of energ}”- expenditure (5). In D. M. there was no particular trend in 
horizontal walking, while in grade walking the respiratory efficiency had a ten- 
dency to increase slightly up to 3.0 m.p.h. and to drop with higher speeds. This 
trend was more apparent with increasing grade (fig. 3). In E. B. the drop with 
increasing speed was much more pronounced both at 7.5% and 10% grade. In 
J. D. there was only a slight drop at 7.5% grade and 3 m.p.h., but his respiratory 
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efficiency was much lower at all speeds, and it drops at 3.0 m.p.h. where the 
normal subjects as well as E. B. attain the maximum. At 10% grade, 3 m.p.h,, 
J. D.’s respiratoiy efficiencj’- drops with a much steeper slope than that of E. B. 
at 4.0 m.p.h. 

Oxygen debt and work pidse rate. Figure 4 shows the oxygen debt of E. B. and 
J.^D., plotted against excess calories per minute, compared to the normal slope 
(solid line) obtained from the values of A. B. and D. M. The normal slope could 



Fig. 3. Trends of respiratory efficiency (cc. O 2 per 100 cc. pulmonary ventilation, or- 
dinate) with increasing speed (abscissa) at 7.5% grade {upper part) and 10% grade {lower 
part) of two poliomyelitis patients (E. B. and J. D.), compared to one normal sub- 
ject (D. M.). 

Fig. 4;. Amount of the oxygen debt , cc. O 2 (ordinate) , with energy expenditure (abscissa) 
of two poliomyelitis patients (E. B. and J. D.), compared to the average trend of two normal 
subjects. 

Fig. 5. The pulse rate during work, beats per minute (ordinate), with the increase of the 
metabolic rate e.xpressed as multiple of the basal metabolic rate (abscissa) of two polio- 
myelitis patients (E. B. and J. D.) and two normal subjects (A. B. and D. M.). 

be^xpre^ssed as the equation y = 1.981 X +42.803 with a very high correlation, 
r - 0.977, between oxygen debt and energy expenditure. The values of E. B. 
and D. J. run approximately parallel to the normal slope but are below the normal 
average values, except one value of J. D. which is definitely higher. This value 
was obtained at the hardest combination (3 m.p.h. and 10% grade) ,J. D. was 
able to walk. ^ The excessive ox 5 ^gen debt, together with other data (trend of 
energy expenditure, respiratory efficiency), indicates clearly that this variation 
exceeded Ins capacity. The work pulse i-ate was plotted against the increase of 
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the metabolic rate for all four subjects (fig. 5). At all rates of energy expenditure 
above about 5 to 6 times the basal metabolic rate, the pulse rate of J. D. and es- 
pecially of E. B. is above that of the normal subjects. The relative tachycardia 
in work of E. B. could be readily explained as simpl}’’ that of a non-athletic indi- 
vidual; this explanation does not apply in the case of J. D. 

Rate of steps. In normal subjects the rate of stepping increased with the speed, 
while the grade had no particular effect, i.e., the rate of steps was the same for all 
grades at a given speed (5). This was observed not only in E. B., but also in 
J. D. (table 2), which is surprising considering the degree of J. D.’s handicap. 
Table 4 shows the average rate of steps at different speeds. There is no differ- 


Table 4. Rate of steps at different speeds and grades, poliomyelitis patient J . D. 


GRADE 

SPEEP (m.p.h.) 

2 

2.5 

3.0 

0 

84 

92 

106 

5 

86 

92 

106 

7.5 

84 

92 

108 

10 

84 

92 

108 


ence between E. B. and the normal subject at all speeds; even J, D.’s values coin- 
cide at 2.5 and 3.0 m.p.h. At 2.0 m.p.h., his rate is higher than that of the nonnal 
subjects. It is surprising that this difference appears at the slowest speed. 

DISCUSSION 

The data obtained reveal various differences between normal men and patients 
with handicaps resulting from infantile paralysis. An attempt of a functional 
evaluation appears to be worth while, the more so as probably some generalization 
is possible for similar orthopedic handicaps resulting from other causes. 

The level of the energy expenditure at a given variation characterizes the 
degree of handicap of a given patient, but this differentiation is most pronounced 
at horizontal walking. The level of energj’- expenditure at a given speed and 
grade fails to indicate fatigue or tolerance trends or the increasing effort involved 
in grade walking. The increase of the energy expenditure with speed is a much 
better criterion for the limit of tolerance. The trend of the curves would indicate 
that 4 m.p.h. is the limit of tolerance for E. B., and 2.5 m.p.h. for J.D., especially 
at 10% grade. 

The level of energy expenditure appears to be a good index for the relief ob- 
tained by means of braces. It is possible that this method could be used to 
compare different types of braces. The ability to maintain a steady state of 
oxygen consumption appears to be a good index for fatigue trends. The com- 
paratively low oxygen debts of both J. D. and E. B. indicate that the breakdmvn 
of the steady state (which was demonstrated only in E. B.) is not due to cardio- 
vascular insufficiency. Considerable previous work ’(reviewed by Simonson and 
Enzer, 2) shows that an increased oxygen debt is one of the most typical and 
consistent findings in patients -nath cardiovascular insufficiency. The maximum 
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level at wliicli the steady state can be maintained in normal subjects depends on 
the cardiovascular capacity for oxygen transport. Patients iiAuth orthopedic 
handicaps are obviousl}'’ not able to reach this limit. Therefore, the increase of 
the oxygen consumption with continuation of walking is obviously due to the 
increasing use of auxiliarj'’ muscle groups. This might explain why in E. B. the 
breakdown of the steady state was not associated mth an increased oxygen debt. 
The formation of the oxygen debt is due to the relative lag of blood circulation 
behind the peripheral oxygen requirement in the first minutes of work. At the 
time the auxiliary muscles are used the circulation has reached a sufficient rate 
to guarantee an adequate oxygen supply to the suxiliary muscles. 

The drop of the respiratory efficiency appears to be a good criterion for the 
li mi t, of working capacity and for fatigue of patients with orthopedic handicaps 
as well as in nonnal subjects. It also is decreased in patients with pulmonaiy 
or circulatory insufficiency (cf., 2). However, there is no reason to assume any* 
cardiovascular insufficiency in E. B. and J. D., since the oxygen debt was not 


Table 5. Average rate of steps per niimite at different speeds of two normal subjects (A. B. 
and D. M.) and two poliomyelitis patients (E. B. and J. D.),for all grades 


SUBJECT 

SPEED m.p.h. 

1 • 2.0 

2.S 

3.0 

1 3.5 1 

4.0 

A. B 


96 

111 


130 

D.M 


89 

99 


116 

E. B 


95 

lOS 


125 

J. D 

85 

92 

107 

j 119 

— 


inci’eased. On the contrary, the increased pulmonaiy ventilation might have 
kept the oxygen debt comparatively small; such an effect of pulmonaiy hyper- 
ventilation has been obseiwed in normal subjects (11). 

The excessive increase of pulmonary ventilation in E. B. and J. D. at moderate 
levels of work accomplishment is probably due to central or reflex hyperpnea; a 
similar effect occurs in normal subjects at a higher work level. The reflex mech- 
anism for the regulation of pulmonary ventilation in exercise (12) might well be 
exaggerated in patients with orthopedic handicaps or muscular weakness. It is 
possible that a similar mechanism is involved in the relatively high work pulse 
rate of the poliomyelitis patients. 

SUMMARY 

1. The energy expenditures of two poliomyelitis patients, one clinically com- 
pletely recovered from paralysis (E. B.) the other one with an almost atrophic 
right leg (J. D.), were compared to those of two normal subjects during walking 
on a treadmill at different speeds and grades. 

2. E. B.’s energj’- e.xpenditure, expressed as excess Cal. per meter distance per 
kgm. bodj’- weight, coincided with the normal values at all variations of speed 
and grade up to 3.5 m.p.h. with a slight tendency to higher values at 4.0 m.p.h. 
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3. J. D.’s energy expenditure when walking with braces exceeded the normal 
values (1.5 to 2.6 times) at all variations investigated (up to 3 m.p.h.), but the 
relative increase was higher in horizontal than in grade walking; a part of the 
energy waste in horizontal walking could be utilized for climbing. 

4. Without braces, J. D.’s energy expenditure was considerably higher than it 
was with braces. 

5. E. B. was not able to maintain a steady state at 3.5 m.p.h., 7.5% and 10% 
grade, and 4 m.p.h. at all grades. The normal subjects were able to maintain a 
steady state at least up to 30 minutes at these variations. 

6. The respiratory efficiency (cc. oxygen consumption per 100 cc. pulmonary 
ventilation) of J. D. was definitely lower than that of the other subjects at all 
variations; a pronounced drop of the respiratoiy efficiency occurred in both J. D. 
and E. B. at the higher speeds and grades. 

7. The oxygen debt of E. B. and J. D. followed a similar trend with the energy 
expenditure to that observed in normal subjects, but was comparatively low. 

8. The work pulse rate tended to be high in both E. B. and J. D. at all levels 
of energy expenditure above 5 to 6 times the basal metabolic rate. 

9. The rate of steps increased, as in normal subjects, with the speed but was 
independent of the grade. 

10. An attempt is made to discuss the data with a view of evaluation of work- 
ing capacity in persons with orthopedic handicaps. 
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In a study of tlie dynamics of isolated frog muscle Hill (1) developed a hy- 
perbolic relationship between the force exerted and tlie speed developed, ex- 
pressed as (P -h a) (v -f b) = a constant = (Po + a) b, where P is force, v is 
the velocity of shortening, Po , the isometric tension and a and b, constants. This 
equation was verified by mechanical and by heat production studies. Hill (2) 
also analyzed the previously obtained data for contractions of the human arm 
against an inertia wheel (3-5) and found that these data could be adequately 
expressed by the hyperbolic equation of frog’s muscle. It was recognized, 
however, that the available data covered only a limited range of forces and 
velocities, and Hill suggested in the same paper (2) and by personal communi- 
cation to us that the data be extended in order to provide a fairer test of the 
applicability of the equation to human muscle. 

METHODS 

The relationship of force to velocity in maximal voluntary flexions of the 
human forearm was studied. Three tj’-pes of opposing load were used: a) the 
reaction of various moments of inertia; b) constant (isotonic) torques about the 
elbow joint; and c) isotonic forces applied parallel to the forearm flexor muscles. 

.\PP.\RATUS 

Isotonic lever. The apparatus showm in figure lA was designed to supply con- 
stant force (in wire E) with as little inertia in the system as possible. The force 
could be used directly or converted to a constant torque to oppose the arm’s 
movement. The first stage lever (L2), connected directly to the piano ware (E), 
was made of aluminum alloy. This lever was designed by Mr. Thomas Rae of 
the Grumman Aircraft Corp. L. I., N. Y. The second stage lever (Li) was of 
steel plate construction and was connected to the light lever by airplane cable 
(D) and directly to the spring (S) below its fulcrum. The levers were mounted 
on steel shafts (5" and f" for L2 and Li, respectively). The shafts turned in 
bearings mounted in steel plates (P and Pi) which ^vere bolted to the 4 x 6" pine, 
framework. Details of construction of the levers are given in figure 1C. Ball 
bearings were mounted in the levers for connection of wire E, the spring and 
cable D. A steel shaft through the bearing engaged a yoke spanning the lever, 
which, in turn, was attached to the vire or cable. Self-aligning ball bearings 
were used throughout. The spring w^as connected to the ratchet windlass (IF) by 
flexible I" airplane cable (C). A variety of tensions in wire E were produced by 
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ending up cable C to vaiying lengths. The spring (length 45") when extended 
to the greatest recommended length (71") exerted a force of 1500 lbs. Since the 
total mechanical advantage between spiing and vore E was 30, the maximal 
tension that could be produced in E was approximately 50 lbs. (23 kgm.). For 
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fFiG. 1. Apparatus for providing a series of different loads to oppose the flexion of the 
arm and for recording the movement. 

A. Lever S3’'stem producing a series of constant forces in Wire E. 

B. Inertia and recording lever. 

C. Details of the two levers of the sj^stem shown in figure lA. For e.xplanation see text. 

an 3 '' given setting of the nindlass, movement of wire E (25 cm.) by the flexion of 
the subject’s arm elongated the spring and increased the tension in E by 0.3 
kgm. The equivalent mass (inertia) of the s 5 '-stem as a whole was practically 
that of the light lever and was measured to be 0. 1 kgm. at wire E. 
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Inertia and recording lever. The subject was seated at the apparatus shown in 
figure IB. It consists of a steel shaft supported perpendicularly in two hangers 
and carrying at its top a small and a large concentric pulley (SP and LP) and a 
horizontal aluminum lever (L). The hangers were fitted with ball bearings 
(thrast) to carry the shaft. Lever L was properly trussed to provide support for 
a series of added masses (M). After the subject was seated, the support (F) and 
arm rest {AR) were adjusted until the elbow joint coincided with the axis of rota- 
tion of the lever system (R). The subject’s upper arm was fastened to the 
support by two leather straps (RS) to keep the elbow over the axis of rotation and 
prevent the arm from flying forward in a rapid movement. Enough restraint 
was provided to give good fixation of the arm on the lever while not interfering 
vdth muscular movement. 

In order to produce a series of moments of inertia about the axis of rotation, 
or the coincident elbow joint, flat lead weights of 1 kgm. mass were added to the 
end of the leverl Two such weights are showm in place in figure IB. 

The maximum mass which could be carried by the lever was 16 kgm. The 
radius of gyration of each of the added weights was 46 cm. A segment of tire 
casing mounted at B absorbed the impact of the weights at the end of the stroke. 
Greater moments of inertia about the elbow joint were obtained by attaching 
wire A (figure IB) from the periphery of the large pulley to a fly-wheel type of 
inertia wheel similar to that described by Hill (3). The range of moments of 
inertia studied 'was from the lowest of about 1400 kgm.-cm.” (that of the arm 
plus the lever L) to 600,000 kgm.-cm,-. The moment of inertia of the unloaded 
lever was 1000 kgm.-cm.-. For the deteimination of isometric torques exertable 
at various positions of flexion of the arm, wre A was attached to a standard type 
of isometric lever. 

The movement of the arm was also opposed by constant torques about the 
elbow joint. Wire A from the periphery of the large pulley was connected to 
vdre E of the isotonic force system shown in figure lA. In this way a constant 
force was made to act at a constant radius, resulting in a constant opposing 
torque. A range of torques from 0 to 300 kgm.-cm. was available. 

Flexions of the arm were begun from a variety of starting positions, ranging 
from full extension (0°) to a position of 55° of flexion. In the follouang discus- 
sion, unless specified, all contractions were begun from full extension. It was 
found that when relaxed, the rest position of the arm was about 60° of flexion. 
lAflien contraction was to be started from full extension, it was necessary to hold 
the relaxed aim in this position by a spring catch. This catch disengaged ^vith 
the smallest increment in force. The data of the experiments described above 
will be presented in part I. 

In part 11 a constant force was applied parallel to the flexor muscles. The 
isotonic lever sj'stem (fig. lA) was placed 30 feet from the subject in a line with the 
axis of the upper aim, and irire E was attached to the inertia lever (L, fig. IB) at a 
point 14.5 cm. from the axis of rotation (not shovm in the fig.). Since the length 
of the wire was gi-eat, it remained essentially parallel to the upper arm for all 
positions of flexion, the lever arm of the applied force increasing according to the 
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sine of the angle through which the arm flexed. From the anatomical data of 
Braune and Fischer (G) it can be sho\m that the average lever arm of the forearm 
flexor muscles is approximatelj’’ a sine function of the angle of flexion of the fore- 
arm for all positions except those below 20°. Since the lever arm of the applied 
force and that of the flexor muscles both vary according to the sine of the angle of 
flexion, this system pro\'ides an essentially constant force opposing the flexoi- 
muscles for all positions above 20°. Experiments were also done Avith flexion of 
the arm in a vertical plane (similar to the method described by Hill, 3), in Avhich 
wire E from the isotonic lever S 3 '^stem (still 30 feet distant) Avas attached to the 
AATist by a strap. The mechanics of this technique are like those described 
immediately above. 

The moment of inertia of the forearm Avas determined by the metliod of Braune 
and Fischer (7) utilizing their formulae (see also Fenn, 8). The validity of these 
formulae has been checked by a dynamic method (8). In rapid movements a 
centrifugal shift of the arm on the lever aaoII increase the effective moment of in- 
ertia somewhat, but since the magnitude of this error is not accurately known, the 
value estimated from the formulae AAdll be used in subsequent calculations, AAlth 
recognition of the possibility that it maybe too low. 

Recording. Movement AA'as recorded as shoAvn in figure IB. A thread from 
the periphery of the small pulley (<SP) AA'as attached to a lever Avhich wrote on a 
kjmiograph driA'^en b}' a simchronous motor. The roughly parabolic displace- 
ment-time records Avere measured on a comparator and from small increments in 
displacement and time, the instantaneous A'^elocity at a series of points along the 
contraction could be determined, 10 to 15 points giving adequate description of 
the contraction. A simpler technique, in AA'hich a smoked paper was moved 
past a fixed 60-cycle tuning fork bj'’ the moA'^ement of the arm, AA’^as adopted later. 
The distance betAA^een 60-cycle peaks is proportional to the aA'-erage A’’elocit 3 '’ of 
that interval. Both methods liaA'-e comparable accurac 3 L 

Electromyograms. Recordings were made both from skin leads and from needle 
electrodes in the biceps and triceps muscles. The presence of the needles did not 
influence the subject’s mechanical performance, but moA’-ements of the electrodes 
at high speeds introduced technical difficulties not yet solved. SloAver move- 
ments AA’-ere recorded satisfactoril 3 ’-, and simultaneous recordings from the tAA'o 
muscles Avere made on an inlc Avriter after suitable amplification. 

Technique. The subject AA'as instructed to relax and after a preliminaiy Avarn- 
ing on the command to pull, he made a maximal voluntary fleidon against the 
leA'er. In a feAA' contractions no AA'arning command AA'as given and in a fcAV others 
the subject was not alloAA'ed to knoAV in adAmnce the magnitude of the force to be 
used. In each case no definite difference AA'as observed as a result of these tech- 
niques. Periodic determination of isometric tension indicated that no appreci- 
able fatigue .set in before 15 or 20 contractions. 

experuvientaij 

Part I. In tliis set of experiments, the flexion of the forearm Avas opposed by a 
moment of inertia about the elbow joint, b 3 ’- a constant torque or by any combina- 
tion of these according to the technique described above. 
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(1) Kinetics of the single contraction. The instantaneous angular velocity (w) 
of the arm at various points of flexion along a single contraction was plotted 
against the time {t) required for the arm to reach the respective points. The 
slope at any point on an w-t curve is a measure of the instantaneous angular 
acceleration and, therefore, the instantaneous force. Figure 2A shows a typical 





Fig. 2. Kinetics of single fle.xions of forearm, 

\A,B and C. Each curve represents the instantaneous angular velocity (to) in radians 
per second developed at a series of times during a single contraction. The mass (3f) in 
kilograms placed at the end of the inertia lever or the opposing isotonic torque (Z.) in kilo- 
gram-centimeters is indicated beside each line. In the experiments of figure 2A, added 
masses alone were used; in those of figure 2B, combinations of inertias and torques, and in 
3C, a series of torques. 

I). The instantaneous angular velocity plotted against the distance moved when that 
velocity was reached. The two contractions are those given as u-t plots in figure 2C. 

series of such plots, each line representing a single contraction against a dif- 
ferent mass (M) placed at the end of the lever. The mass of the added weight 
in kilograms is indicated beside each line. 

Figure 2C shows w-t plots for single contractions against two different opposing 
isotonic torques. The torque (L) in kilogram-centimeters for each contraction 
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is also marked beside the respective line. In each of these cases there was no 
added mass. Figure 2B gives w-t relationsliips for the various combinations of 
torques and added masses indicated. Figure 2D is a plot of a against the position 
of the arm for each curve of figure 2C and illustrates the development of velocity 
with re.spect to the angle of flexion. 

Since- the slope of an w-t plot at any point is a measure of the instantaneous 
angular acceleration (a), and since the moment of inertia is constant for any single 
contraction, a linear phase in such a plot is one of constant torque. The data of 
figures 2A through 2C show that the arm develops an essentially constant torque 
over most of the duration of a single contraction, Avhether the opposing force is 
an externally applied constant torque or the reaction of a mass. 

The curves in general have three phases : o) an initial segment during which the 
slope (and, therefore, exerted torque) is increasing, b) a phase of constant torque 
occupying the greatest part of the curve and c) a period of decreasing slope. 
The first of these is demonstrated in figure 2A. The short lag (dotted line) at the 
beginning of the movement, vdiere the torque is increasing to its constant value, 
probablj’- represents any real delay due to nervous or muscular factors which 
may be present, combined vdth any apparent delay due to the taking up of slack 
in the system, particularly where the hand gi-asps the lever. Tliis initial lag is 
present only in pure inertia experiments. In torque e.xperiments the lever was 
held against the stop by the opposing applied torque (pre-loaded). • No move- 
ment of the lever and recorder was possible until the arm developed a torque 
equal to the opposing torque; therefore, any lag which may be present is not 
apparent in the w-t plots of figures 2B and 2C. 

The phase of constant torque occupies the major part of the duration of a con- 
traction. An estimation of the length of this phase in terms of position of the arm 
can be obtained from columns and 0 m in tables 1 and 2. Column dj, gives the 
position of the arm at the last point of the linear phase of the contraction and 
column , the position of the aim at the point where maximum velocity is 
reached. Table 1 summarizes the data for a series of contractions against the 
moment of inertia about the elbow joint (in kgm.-cm.-) given in column I. In 
general, these data indicate that the linear phase of contraction against inertias 
extends over most of the length of the movement. This implies that for any 
particular contraction, the torque developed is constant until most of the distance 
has been traversed (i.e., appro.ximately 113° out of 120°). 

In experiments where movement is opposed by a torque, the w-t curves appear 
to go through a maximum (fig. 2C). Table 2 summarizes a series of contractions 
against the opposing isotonic torques (in kgm.-cm.) given in column Li . Al- 
though the linear phase still occupies a large fraction of the duration of the 
contraction, column Bi, in table 2 shows that the average position of the arm at 
the end of the linear phase was 86° and the position at maximum velocity 96°. 
In experiments of the torque type the force exerted by the arm during the linear 
phase will be the sum of the applied opposing torque and the torque exerted in 
accelerating the mass of the forearm and lever. Since the slope of the co-t curve 
begins to decrease (at an average position of 86°) , the exerted torque is decreasing 
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beyond this position. At the maximum point on the curve (average 96°) the 
acceleration is zero and the exerted torque vdll have fallen to a value equal to 
the applied opposing torque. Average values of and 6 m for two other sub- 
jects were 93° and 106° for one, and 80° and 93° for the other. 

Analysis of a series of contractions begun from a position of semi-flexion indi- 
cates that the absolute values of and 0 m are similar to those when the contraction 
started from full extension. In torque experiments 0 l and 6 m were 83° and 95°, 
respectively (measured from full extension as 0°), and in the inertia experiments 
the force was maintained to the end of the contraction. 


Table 1. Force-velocity data for a typical series of contractions against various moments of 

inertia about the elbow joint 


I 

kgm.-cm.® 

kgm.-cm. 

M (80°) 

rad. /sec. 

®L 

degrees 

■ 1500 

144 

14.0 

113 

1500 

144 

14.2 

90 

"• 4190 

156 

9.7 

90 

4190 

148 

9.6 

113 

8655 

159 

6.9 

115 

8655 

142 

6.6 

116 

24,200 

153 

4.2 

118 

•24,200 

153 

4.1 

115 

102,700 

176 

2.1 

111 

102,700 

145 

1.8 

— 

320,700 

154 

1.1 

115 

320,700 

138 

1.1 

116 

612,700 

125 

0.8 

118 

612,700 

119 

0.8 

118 

Isometric (80°) 

415 

0.0 

— 

Average 

113 


I, in kgm.-cni,2, indicates the moment of inertia; La, in kgm.-cm., the torque developed 
in accelerating I; co (80°), in radians per second, the angular velo'city attained at 80°; and 
6l, in degree's, the position of the arm at the end of the constant acceleration phase. 


The precise determination of the values of 0i, and 0 m is rather difficult as nail 
be seen from the w-t curves presented, and this probably accounts for the vdde 
variation in values measured. Although it is impossible at the present writing to 
describe accurately the equation of the single contraction, certain general con- 
clusions seem justified. In inertia experiments it appears that the exerted force 
IS maintained over the entire contraction, while in torque experiments it tends to 
decrease at mean positions of from 80° to 93° of flexion. Secondly, although the 
variation is large, it appears that there is no consistent association of the position 
of 0L or 0M vuth different values of applied torque or other variable, and that the 
values tend to be constant for a given subject. The estimation of the values of 0 
for contractions against the lightest loads (i.e., arm and lever) is the most difficult. 
Although of ‘inertia type,’ comparison of the two upper figures of tables 1 and 2 
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shows an extreme variation of 0. In about one half of the contractions against 
very light loads, the linear phase ends short and in the rest tends to extend 
throughout the movement. Part of the variation may be due to the difficulty in 
determining 6 in the most rapid movements. 

Another type of third phase of the single contraction is illustrated in the upper 
curves of figure 2B. In a very small number of contractions of over 0.8 to 1.0 
second duration, an increased torque was developed toward the end of the con- 


Table 2. Force-velcocily data for contraclions against an isotonic torque 


I-i 

La 

Lx 


Ol 


kgm.-cm. 

kgm.-cm. 

[ kgm.-cm. 

rad./sec. 

degrees 

degrees 

0 

139 

139 

16.1 

88 

97 

0 

138 

138 

16.0 

100 

— 

60 

82 

149 

12.1 

j 

— 

60 

86 

156 

12.6 

70 1 

83 

82 

' 54 

136 

10.3 

92 

104 

82 

61 

143 

11.0 

85 

98 

no 

I 44 

154 

8.7 

93 

104 

110 

1 32 

142 

7.9 

85 

104 • 

135 

12 

147 

5.8 

— 

— 

135 

21 

156 j 

6.5 

88 

8 

152 

s 

160 1 

5.8 

— 

— 

152 1 

11 

163 

5.4 

100 

100 

64 

80 

145 

12.0 

95 ! 

— 

64 

65 

129 

11.8 

95 

98 

91 ' 

61 

152 

11.1 

— 

— 

115 

39 

157 

7.9 

72 

95 

145 

10 

155 

5.2 

70 

90 

145 

10 

155 

4.2 

— 

— 

173 

5 

177 

2.9 

88 

88 

173 

4 

176 

2.8 

100 

100 

186 

1 

187 

2.4 

70 

90 • 

Average . . . . 

86 

96 




L., in kgm.-cm., the applied opposing torque; Lo, the torque e.x'crted in accelerating the 
mass of the arm and lever; Lr, the total torque, or the sum of Li and Lor;u (80°), the angular 
velocity, in radians per second at 80°; and Bu, in degrees, the position of the arm at the 
end of the linear phase and at the point of maximum velocity, respectively. The higher 
velocity (compare table 1) at 80° for the lightest load is due to the use of a lighter lever (700 
kgm.-cm.®); note that Lr is not changed. 

traction. There is nothing constant about the time or positions of the arm at 
which the increase occurred. The magnitude of tliis increase uill be discussed 
below. 

The lowest curve of figure 2B illusti’ates a tendency to sinusoidal variation 
about the straight line assumed to represent the points. This pattern was 
relatively uncommon. 

The data of all of the above contractions are from one subject, MH. Similar 
results were observed in 9 other subjects. 

(2) Forcc-velocUy relalio?! ships. A sample of the data of inertia-type experi- 
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ments on subject MH is given in table 1 in which column I is the moment of 
inertia about the elbow joint used for each contraction; L„ the torque developed 
as computed from the slope of an w-t plot; w (80°), the velocity attained at 80°; 
and 0L is the length of the linear phase of the contraction. A position of 80° was 
selected for convenience since, for all subjects, the linear phase was maintained 
to at least this position and a more accurate determination of the slope of the co-t 
plot is possible. These and similar data for MH are illustrated in the first curve 
of figure 3C. The velocity (co) at 80° is expressed as a percentage of the velocity 
at the same position attained vdth the unloaded lever. The torque is expressed 
as a percentage of the isometric at 80°. 

Data for three other subjects (initials beneath each curve) performing inertia 
type experiments are included in figure 3C. Four types of curve are illustrated. 
Subject MH tends to develop constant torque although the inertia has been 
increased enough to Reduce the maximum velocity to 5% of that attained in the 
relatively unloaded contraction. The other subjects are able to develop more 
force with heavier loads but exhibit different patterns. Curves for four other- 
subjects have been studied and appear to resemble that of RT. The hollow 
circles for subject JF represent an experiment in which the subject’s eyes were 
covered and the weight to be used was unknown before contraction w'as begun. 
This was done since it was believed possible that greater voluntary force might 
be exerted when a heavier weight was expected, possibly by introducing shoulder 
or other muscle groups. The results were not very different with this technique. 
A percentage scale is used in figure 3C to illustrate the rather narrow range of 
forces exerted for a wide variety of velocities, and that for very light loads, the 
force is of the order of 30% of the isometric at 80°. 

The results of the inertia experiments can be summarized in terms of the 
kinetics of the single contraction by figure 3D. The abscissae represent the 
position of the arm, and the ordinate, the total torque developed. Curve I is the 
isometric length-tension diagram, each solid circle indicating the average of 15 
isometric contractions at the position of the arm shown. These data are from 
MH. Since a) in the single contraction constant torque is developed throughout 
the linear phase and b) approximately the same torque is developed against all 
of the inertias used (fig. 3C, MH), all contractions against inertias for MH may 
be represented by line A in figure 3D. The vertical fine at 86° indicates and 
that at 100°, 0 m- In the unloaded contractions about half have a short linear 
phase. The torque falls off rapidly after reaching a position of about 80° 
(line M). The rest of the unloaded contractions as well as those against added 
masses follow line 31 to at least 113°. A second difficulty Mth the unloaded con- 
tractions is the precise detei-mination of the exerted torque. Although the curve 
for MH in figure 3C is drami to 37% (151 kgm.-cm.), the true average is 140 
kgm.-cm. for the unloaded contraction, Mth a number falling as low as 120 
kgm.-cm. 'Whether the low values represent less than maximal effort or the 
higher values the introduction of other muscle groups is not knoum. However, 
when an added mass of as little as 1 kgm. has been added, the exerted torque is 
more constant at about 150 to 160 kgm.-cm. 



424 


R. J. DERM", J. M. LEVENE jVND H. A. BLAIR 



TORQUE PERCENT FLEXION OF ARM -DEGREES 


Fig. 3A. Force-velocity data for three subjects. Each point represents a contraction 
against a different opposing isotonic torque. Ordinate: the velocity in radians per second 
at 80°. Abscissae: the total torque in kgm.-cm. exerted by the arm. The symbols on the 
axis of abscissae indicate the respective isometric torques at the 80° position. The vertical 
line terminating the dotted extrapolation of each curve represents the value of the isometric 
torque at a position of full extension. The subject’s initials are indicated beside each line. 

B. Force-velocity data at 80° for three e.xperiments, all contractions having a starting 
position of 35°. Ordinates and abscissae as for figure 3A. The first curve (subject MH) 
is for an experiment of the torque type; the second and third (MH and HD, respectively) 
are of the inertia type. 

C. Force-velocity data for four subjects performing inertia type e.xperiments. The 
velocity (to) at 80° for each contraction is expressed as a percentage of the velocity at 80 
attained with the lightest load. Torques exerted are expressed as a percentage of the iso- 
metric torque exertable at the 80° position. The subject’s initials are indicated beneath the 
axis of abscissae for each curve. 

D. Abscissae: flexion of arm in degrees. Ordinates: total exerted torques in kgm.-cm. 
(subject MH). Curve I is the isometric length-tension diagram. Lines A, B and C repre- 
sent single contractions beginning at a position of 0, 55, and 70°, respectively. The dotted 
continuations of line A illustrate the falling off of e.xert'ed torque for inertia experiments 
(il/i and M) for torques (L) of 150, 97, and 50 kgm.-cm. The vertical lines at 86° and 100° 
represent the end of the linear phase and point of maximum velocity, respectively, for the 
single contraction. The. block at 120° represents the limitation of the movement by the 
bumper. Further description in text. 
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The other subjects tend to exert somewhat more force MUth lower velocities 
and, since, in their single contractions, constant torque is developed, they uill 
be represented in figure 3D by a series of parallel hues between A and Ai. 

Force-velocity curves for three subjects making contractions against various 
opposing torques are given in figure 3A. The data for subject MH are given in 
table 2. Column Li is the apphed opposing torque. Column La is the torque 
developed in accelerating the mass of the arm and lever (1200 kgm.-cm.- for 
MH). Column Lt is the total torque developed or the sum of Li and L„ . 
Columns w (80°), and 6^ represent the velocity attained, the length of the 
linear phase and the position of maximum velocity, respectively. Figure 3A is a 
plot of the velocity at 80° against the total torque (Lt) developed. The iso- 
metric torque at 80° is represented for each curve by the locus of the respective 
symbol on the axis of abscissae (w = 0). The curves are extrapolated toward 
these points. The vertical line ending the dotted extrapolations is drawn at the 
value of the isometric torque at the position of full extension, the starting position 
of the contraction. It is obvious that isotonic torques greater than the isometric 
at the starting position cannot be moved. The extent of the curve is not neces- 
sarily limited by this, since the abscissae represent the total torque, the sum of 
L„ and L, . However, with the largest movable isotonic torques, constant torque 
is developed and there is little tendencj'^ to increase the La component. An 
occasional attempt to do this is indicated in the curves of figure 2B (all of low 
velocity) , but the increase in torque is only of the order of 15% at most. It was 
previously shown that in contractions against isotonic torques, the exerted 
torque falls off between 80° and 100° to a value equal to the applied opposing 
torque. This is illustrated in figure 3D for three contractions by the dotted 
lines to L = 150, 97, and 50 kgm. 

Figure 3B gives force-velocity curves at 80° for experiments in which the 
starting position was varied. The first curve is for a series of contractions be- 
giiming at 35° against various opposing torques by subject MH. The second 
curve is one of the inertia type, all contractions beginning from 35°. The third 
curve is one of the inertia type for subject RD, starting position 55°. The forces 
developed are greater than when contraction begins from full extension, but the 
linear phase ends at the same absolute position of the arm. This is illustrated 
in figure 3D by lines B and C. 

Table 3 is a summary of the results from 10 subjects making a total of about 
600 contractions. Experiments marked with an asterisk are of the torque 6 t 5 ’-pe, 
while the others are inertia experiments. A number beside the subject’s initials 
indicates in degrees the starting position of the contraction. IVliere there is no 
number contractions were made from full extension. Column Lt gives the 
torque exerted (at 80°) with the hghtest loads. The next columns represent the 
isometric torque at the starting position and the isometric at 80°. L't and L"t 
give Lt as a percentage of the starting isometric and as a percentage of isometric 
at 80°, respectively. The last column gives the velocity at 80° attained vith the 
lightest load. 

For the contractions beginning from full extension, the torque developed 
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against the lightest loads is from 26 to 38% (column L"t) of the isometric 
exertable at 80°. Subjects not represented in figure 3C have curves similar to 
that of RT. With the greatest load used, Lt increases to a value between 37 
and 50 % of isometric at 80°, except JF who reaches GO %. The isometric columns 
of table 3 show that the exertable isometric torque at 80° is close to twice that at a 
position of full extension. The greater isometric torque in flexed positions 
(despite a shorter muscle and presumably less muscle force) is due to the greater 
muscle lever arm in the flexed positions. The shape of the isometric length- 
tension curves for all the subjects is essentiall}’" the same although on a different 
absolute scale. If Lt increases to 50% of isometric at 80° with heavy loads, this 
vdll represent a value of about 100% of isometric at the starting po.sition. Since 
it has been argued that all subjects (including JF) develop constant torque over a 
single contraction, it would appear that JF exerts a torque of 120% of starting 
isometric wdth heavy loads. This apparent discrepancy is explained by the 
03-t curves for this subject. With heavy loads JF has an elongated phase of 
increasing torque, the constant phase beginning only after some 15° have been 
traversed. Lt as a percentage of i.sometric at tliis position is 100. This would 
be equivalent in figure 3D to a curve wdiich follows curve I to 15° of flexion and 
then becomes parallel to line A. It is obvious that for all subjects, if inertias 
large enough to produce an infinitely slow movement had been used, the single 
contraction would be represented by a curve approjdmating the isometric 
(line J). 

For two experiments in which contraction Avas begun from full extension, 
subject MH developed torques of 71 and 67% of starting isometric (table 3). 
In three experiments with varying starting position the same subject developed 
torques of 70, 69 and 66% of starting isometric. These percentages are fairly 
constant although the absolute values of exerted torque vary widely. Subject 
RD shows a similar result, developing torques of 56 and 60% of starting iso- 
metric for contractions begun at 0° and 55°, respectively. Similar data for con- 
tractions other than unloaded show a fairly constant Amlue of L't for any given 
subject. Table 3 shows no such constancy for comparable values of L‘*'t • It is 
suggested that Lt for any subject is a relatively constant fraction of the isometric 
torque that could be exerted at the particular position of starting. 

Part II. In this group of e.xperiments, the movement of the arm was opposed 
by a constant force applied parallel to the flexor muscles. With this technique 
the muscles are opposed by an approximately constant force for all angles of 
flexion of the arm gi-eater than 20°. In terms of angular units the arm is opposed 
by a torque AAhich increases according to the sine of the angle through Avhich 
flexion occurs. The data Avere analyzed in angular units, since this requires no 
assumptions concerning muscle lever arms. Conversion to linear forces and 
A'-elocities Avill be discussed beloAv. 

(1) Kinetics of the single contraction. Although only a fcAv complete analyses 
are available at the present Avriting, certain differences in force patterns, in com- 
paring parts I and II, are apparent. Figure 4 giA’^es w-t plots for five single con- 
tractions by subject JF. Opposing parallel forces AA'ere applied to the lever at a 
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Table 3. Summary of force-velocily data for all subjects -performing isotonic torque or inertia 
type experiments {the former are indicated by an asterisk after the subject’s initials) 


SUBJECT 

Lx 

kgm.-cm 

ISOM START 
kgm.*cm. 

isou. 80° 
j kgm.-cm. 

% start 

L'x 

%80'’ 

u (80°) 
rad./sec 

hlH . 

150 

210 

410 

71 

37 

14.0 

MII*t . 

140 

210 

410 

67 

34 

16.0 

EC*t 

120 

170 

360 

71 

33 

16.2 

JH*t 

210 

325 

640 

65 

33 

18.0 

RD 

174 

310 

650 

56 

27 

17.5 

JF 

120 

220 

460 

55 

26 

14.0 

RT 

200 

400 

770 

50 

26 

21.0 

TV 

175 

310 

570 

57 

31 

15.0 

JW 

125 

180 

325 

70 

38 

13.5 

HB 

125 

150 

450 

83 

28 

15.0 

MK 

100 

180 1 

350 

56 

29 

14.0 

MH(55)*t • 

242 

■ 345 

410 

70 

59 

14.2 

iMH(35)*t •••■ 

200 

290 

410 

69 

49 

14.2 

MH(35)t 

190 

290 

410 

66 

46 

14.2 

RD(35) 

240 

410 

650 

1 

57 

37 

17.5 


A number in parentheses indicates the starting position of the contraction in degrees, 
no number indicates a stai t from full extension. Lr in kgm.-cm. indicates the total torque 
exerted with the lightest load . The next columns indicate the isometric torque at the start- 
ing position of the contraction and at 80°, respectivel 3 x Columns L't and L''t give Lr as a 
percentage of Isom. -Start and Isom. -80°, respectively. The last column gives the velocity 
at 80° for the lightest load. In the experiments marked with a t, a lighter lever was used; 
this accounts for the somewhat higher velocity. 



Fig. 4. Instantaneous angular velocity plotted against the time required for the arm to 
attain that velocity in a series of contractions in which forces parallel to the axis of the 
upper arm were applied at a distance of 14.5 cm. from the axis of rotation. Each line repre- 
sents a single contraction against: A, the unloaded lever only; B, a parallel isotonic force 
of 8.7 kgm.; C, a parallel force of 18 kgm.; D, the combination of a parallel force of 18 kgm. 
and a 5-kgm. added mass at the end of the inertia lever; E, a 5-kgm. added mass alone. 
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distance of 14.5 cm. from the axis of rotation. The curves represent contractions 
against the unloaded lever {A), a parallel force of 8.7 kgm. (J5), a parallel force of 
18 kgm. (C), the combination of a parallel force of 18 kgm. and a 5-kgm. added 
mass at the end of the inertia lever (D) and the 5-kgm. mass vithout a parallel 
opposing force (E). Curves A and E are of the t 3 '^pe described in part I; move- 
ment is opposed only by the reaction of an inei-tia about the elbow joint. In the 
other curves of figure 4, where parallel forces are applied, there is a marked 
sigmoid shape and a more prolonged constant -velocity phase terminall 3 ^ All 
curves show an initial phase of increasing torque since early in the contraction, 
before the opposing torque has increased appreciabl.y, most of the opposition to 
movement is the reaction of the mass of the arm and lever, and the curves will 
show the lag described above in connection with part I. The single contraction 
curves for another subject (MH) are grossly similar to these. 

^^dien the arm is opposed by various parallel forces without an added mass, the 
maximum velocity is reached in approximatelj’’ the same time interval from the 
beginning of the movement for all forces (a range of 0.15 to 0.30 seconds for 
MH and JF). The point of maximum velocit}’^ represents ver 3 ’’ different arm 
positions but contractions against greater forces reach tliis point at progressive^’' 
smaller angles. This is in contrast to the experiments of the inertia or constant 
torque type, in which the point of maximum velocity is associated with constant 
aim positions, the time intervals being variable. The effect of adding masses in 
the parallel force experiments is to make the curves less sigmoid and to resemble 
more those of the inertia type. 

The torque developed at any point in these or similar contractions is the sum 
of the torque of acceleration and of that due to the applied opposing torque. 
The former can be calculated from the instantaneous slope a of the w-t curve at 

any given angle ^from L„ = and the latter from the lever arm, the applied 

force, and the angle (Li = 14.5 F Sin 6). The pattern of development of force 
with respect to the position of the arm is illustrated in figures 5 and 6 (subjects JF 
and MH, respectivel 3 ''). This is similar to the anal 3 ’'sis for the experiments of 
part I given in figure 3D. 

Figure 5 is divided in tw'o halves to avoid confusion of points. In both, ab- 
scissae represent the position of the arm in degrees and the ordinates, the total 
torque (La + Lj) developed at any given position. Line I represents the iso- 
metric length-tension diagram. Line A (contraction A of figure 4) illustrates the 
constant torque developed in an unloaded movement and the variability of the 
position w’here exerted torque decreases. All curves are showm wdth an initial 
phase of rising torque, representing the lag in the w-t plots. When a parallel 
force of 8.7 kgm. is applied, the opposing torque will rise ivith flexion according 
to Li = 8.7 X 14.5 X Sin 0] this is the equation of line B. The u-t curve of this 
contraction is given in figure 4 (B). WTaen the total torque (La -1- Lj) w^as calcu- 
lated as described above, fairly constant values w'ere found. These are illustrated 
by the solid circles lying close to line A in the left half of figure 5. The total 
torque remains fairly constant, since wdien Li (line B) increases, La falls off pro- 
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portionately. In curve B of figure 4, there is a terminal portion of constant 
velocity which begins at 70° of flexion. In this phase L„ is zero and the total 
torque is equal to Li . In figure 5 it vnll be seen that from 70° on the solid circles 
fall on dotted curve B (i.e., L,)- In the right half of figure 5, line A again repre- 
sents an unloaded contraction. 

If a parallel force of 18 kgm. be applied, the opposing torque will rise according 
to dotted line F. A similar analysis was applied to contraction C (fig. 4) and the 
values of total torque are represented by the solid circles in the right half of 




Fig. 5. Abscissae: flexion of arm in degrees. Ordinates: total torque developed by the 
arm. Line I represents the isometric length-tension diagram; line A, a single unloaded con- 
traction; and line E, a contraction against an added mass of 5 kgm. Curves B and F illus- 
trate the rise in applied opposing torque when a parallel force of 8.7 and 18 kgm., respec- 
tively, is used. Solid circles in left side of figure represent total torque developed at a series 
of points in a contraction against the unloaded lever and a parallel force of 8.7 kgm.; solid 
circles on right side, the unloaded lever and a parallel force of 18 kgm.; hollow circles, an 
added mass of 5 kgm. and a parallel force of 18 kgm.; half-closed circles, an added mass of 
5 kgm. and parallel force of 8.7 kgm. Subject JF. 

Pig. 6. Similar to figure 5 but for subject MH. Lines A and B, respectively, represent 
single contractions against the unloaded lever and an added mass of 5 kgm. Curve C shows 
the rise in applied torque with a parallel force of 12 kgm. Solid circles represent a contrac- 
tion against the unloaded lever and a parallel force of 12 kgm.; hollow circles, an added mass 
of 5 kgm. and a parallel force of 12 kgm. Crosses represent the response of JF to the same 
combination shown for MH b 3 ' the hollow circles. 

figure 5. The total torque tends to remain constant until the constant velocity 
phase of the single contraction is reached, after which it becomes equal to the 
applied opposing torque. Analysis of intermediate parallel forces has given 
similar results and the following working rule seems justified; the total torque 
developed is constant at first and remains equal to the torque that would be de- 
veloped in an unloaded contraction until the applied torque rises to a value equal 
to the developed torque, after which the ai-m exerts a torque equal to the applied 
torque. It is apparent that the constant velocity phase is progressively longer 
with larger applied torques. 
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Line E in figure 5 represents a contraction in which movement is opposed by an 
added mass of 5 kgm. on the inertia lever (contraction E in fig. 4). If, in addi- 
tion to the added mass, an opposing parallel torque of 18 kgm. is applied (curve D 
in fig. 4) the total torque will be represented by the hollow circles in the right 
half of figure 5. The results are similar to those described above; the total 
torque is constant and equal to the torque developed in a contraction against an 
added mass of 5 kgm. wthout an opposing parallel force, until the applied 
torque becomes equal to the developed torque, after which curve F is followed. 

If, with a 5-kgm. mass on the lever, a parallel force of 8.7 kgm. is applied, the 
total torque will be represented by the half-covered circles in the left half of 
figure 5. It will be seen that the total torque follows the curve for that of a 5- 
kgm. mass and then follows a curve parallel to that of the applied isotonic torque 
but at a higher level. The kinetics of this type of contraction with combination 
of relatively small parallel forces and large inertias have not been studied in detail, 
nor has that of very small forces and the unloaded lever been investigated. It is 
possible, however, that if curve B (fig. 5) were lower, the exerted torque would not 
follow line A but could rise somewhat parallel to the curve for isotoruc torque. 

Figure 6 represents a similar analysis for subject MH. Line A represents an 
unloaded contraction, assuming the lower value previously discussed. The 
curve of Li for an opposing parallel force of 12 kgm. is illustrated by C. The 
solid circles represent the total torque developed in such a contraction. The 
response is somewhat different from that of JF, the total torque being lower at 
the start and increasing to join the Li curve more gradually at a higher torque 
level. A similar result was observed for other parallel forces. Apparently, sub- 
ject MH develops less torque at first Avhen opposed by greater loads. Line B 
represents a contraction against a 5-kgm. mass. The hollow circles give the total 
torque in a contraction against the combination of a 5-kgm. mass and a parallel 
force of 12 kgm. The torque rises at first, then falls off to join the Li curve. 
The response of JF to a similar opposing load is given by the crosses in figure 6. 
These differences will be discussed below. 

(2) Force-velocity relationships. Figures 7 and 8 are force-velocity curves for 
subjects JF and MH, respectively. In both, the ordinates represent the angular 
velocity, and the abscissae, the total torque developed expressed as a percentage 
of the isometric at 80°. The figures compare, for each subject, the force-velocity 
curves at 80° when the opposing loads were constant torques or inertias about the 
elbow joint (broken lines), and when parallel forces were used (solid lines). 

In figure 7 (JF) the small solid circles and their correlation line (broken) were 
given on a percentage scale in figure 3C. The symbols on the solid line represent 
data taken from the ‘parallel force’ contractions analyzed immediately above: 
solid circle, a parallel force of 8.7 kgm., solid triangle, a parallel force of 12 kgm., 
and a cross, a parallel force of 18 kgm. The half-closed circle is from a con- 
traction against an added mass of 5 kgm. and belongs to the data for experiments 
of the inertia type. In figure 8 (MH) the solid circles represent experiments of 
the ‘parallel force’ type. Individual points for inertia and constant torque 
experiments have been given on a percentage scale above (fig. 3C). The half- 
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closed circle represents one extreme of the curve, a contraction against a moment 
of inertia about the elbow joint of 600,000 kgm.-cm.^ The hollow circle repre- 
sents 80° force-velocity data for one contraction made against the combination 
of an added mass of 6 kgm. and a parallel force of 18 kgm. 

From these data it appears that the force-velocity curves are different when 
different techniques of applying the opposing load are used. Wlien combinations 
of parallel forces and inertias are used, the data tend to fall within the area en- 
closed by the two types of curve given in the figures. This is illustrated by the 
hollow circle in figure 8 for subject MH. Subject JF behaves similarl 3 ^ The 
cross in figure 7 represents a contraction against a parallel force of 18 kgm. with 



Fig. 7. Force-velocity curve for JF. Abscissae: total torque developed expressed as a 
percentage of the isometric at 80°. Ordinates: angular velocity at 80° (u) in radians per 
second. The dotted line (through the small solid circles) is the force-velocitj- curve for 
inertia experiments previously given in figure 3C (JF). The solid line is the force velocity 
curve at 80° for the parallel force type of experiment. The large solid circle represents a 
parallel force of 8.7 kgm.; a triangle, a parallel force of 12 kgm. and a cross, one of 18 kgm.; 
half-closed circle, an added mass of 5 kgm. 

Fig. 8. Force-velocity curve for MH. Abscissae and ordinates as for figure 7. Dotted 
line and solid line represent 80° force-velocity curves for torque and inertia experiments and 
those of parallel force type, respectively. The hollow circle represents the combination of 
a parallel force of 18 kgm. and an added mass of 5 kgm., and the half-closed circle, an inertia 
of 600,000 kgm. -cm. = 

no added mass on the lever. The coordinates of the point are 61%, 4 rad/sec- 
A contraction against the same parallel force and an added mass of 5 kgm. (see 
data of fig. 5, right half) would be represented by a point at 61%, 3 rad/sec. 
This point would fall vdthin the area between the solid and broken-line curves. 
Similar findings were observed with other contractions of this type. 

The difference between the two types of curve might have been qualitative!}'’ 
predicted from the single contraction analyses of figure 5. In an unloaded con- 
traction, line A is followed, and when a parallel force of 8.7 kgm. is applied, 
essentially the same total torque is developed. Therefore, when Lt is constant, 
the addition of an L; must necessarily reduce La and, hence, reduce the velocity. 
There is a marked difference in velocity Aidth but little change in force developed. 
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A few experiments have been tried in wliich the load is suddenlj'- increased 
during the- course of a contraction. It appears that if the new load is not ex- 
cessive, the relatively high velocity attained vath the light load is maintained for 
a period in spite of the increased opposition. Points obtained vith this tech- 
nique fall outside the force-velocity curves illustrated. 

Preliminary investigation of the force-velocit 3 ’' curves at angles of flexion less 
than 80° indicated that on the same scale as for figures 7 and 8 the curves he 
either within or very close to the area defined bj’’ the curves given. In plotting 
such curves the isometric at the particular angle selected for preparation of the 
curves was represented at 100% torque. 

For the ‘parallel force’ experiments the curves for hlH and JF practically 
coincide, in spite of the rather different patterns of torque development illus- 
trated in figures 5 and 6. The apparent explanation is that although MH starts 
vath less torque (and therefore less velocity) when opposed by large parallel 
forces, she increases the torque to a greater extent than JF before reaching 
constant velocity. The mean exerted torque is not very different from the 
constant value developed by JF. 

The force-velocity data given in figure 9 are from five other subjects, each 
represented by a different sjunbol. The ‘forearm vertical’ technique described 
above was used. Subjects JF and MH are represented on tliis plot by the solid 
circles and squares, respectively. Although their data appear slightly more 
linear in the range of intermediate velocities, the ‘forearm horizontal’ technique 
apparently does not introduce any major di fferences. In this figure the abscissae 
represent the torque exerted at 90° e.xpressed as a percentage of the isometric at 
90°. The abscissae represent the angular velocity at 90° expressed as a per- 
centage of the velocity at the same angle attained without an added load. A 
position of 90° was used since at this angle a torque-angular velocity curve is also 
one of hnear force-linear velocity and can be more readilj’’ compared to similar 
data for isolated muscle. A position of 90° also repi’esents maximum velocity. 
Force-velocity data taken at 80° on a percentage scale would not be distinguish- 
able from the plot presented. For the unloaded contraction, in about one half of 
the experiments, the exerted torque has fallen to zero at 90°, but in most of the 
rest it remains high (fig. 3D) . In those contractions in wliich it has disappeared, 
the curve will pass through the large solid circle at u ~ 100, torque = 0%. 
However, in the cases in which it remains high, the maximum point ivill be at the 
encircled square at u = 100, torque = 37%, for MH, and at w = 100, torque = 
30%, for JF. The variability of the maintenance of torque suggests that the 
falling off of exerted torque maybe due to some factor other than the limitation 
since almost all unloaded contractions maintain full torque to this point, and the 
curves must pass through the encircled symbols (fig. 9). The data for the other 
experiments represented were obtained "with the ‘forearm-vertical’ technique. 
Since the records are not suitable for detailed analysis and since it was believed 
originally that the force did fall in free contraction, the intimate details of the 
upper part of the curve for the other subjects are not available. However, it is 
undoubtedly time that a similar difficulty also exists for the other subjects. 
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The measurements for MH and JF have not been extended into the range of 
very low parallel forces as yet. 

Table 4 summarizes the data of figure 9. For each subject the sex and physical 
condition (classified as athlete (A) or non-athlete [N)) are given. The iso- 
metric torc^ue in kgm.-cm. at 90° and the velocity at 90° attained without an 
added load are given in the next columns. Column Sym. illustrates the symbol 
representing the subject in figure 9. Columns h (in cm. per second at 35 cm. 



Fig. 91 Force-velocity curve at 90°. Abscissae; total e.verted torque at 90° expressed as 
a percentage of isometric at 90° . Ordinates: angular velocity at 90° (-which is also the maxi- 
mum velocity) expressed as a percentage of the velocity at 90° attained with the lightest 
load. The encircled symbols at 100% velocity represent contractions in which the exerted 
force against light loads was maintained at 90° of flexion. 

radius) and the ratio Po/o, were obtained by fitting Hill’s equation to the curves. 
It is interesting that despite the wide range of physical build as eiddenced by the 
videly differing isometric forces, all subjects can attain approximate! j' the same 
maximum velocity. This is partialljr accounted for by differences in the mo- 
ments of inertia of the arms of the subjects. The force-velocity relationships are 
apparently independent of sex and phj’^sical training, the data for all subjects on a 
percentage scale falling on essentially the same curve. 
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Part III. Eleclromyograins. Simultaneous recordings wth needle electrodes 
in both biceps and triceps muscles were made from two subjects and %vith surface 
electrodes only in five others. Results vath the surface electrodes corroborate 
those vath needle electrodes but are of themselves open to criticism. Only the 
isometric and inertia type of contraction has been studied to the present. 

There are numerous observations in the literature on the phenomenon of 
contraction of antagonist muscles (9, 10). The .simultaneous activity of both 
triceps and biceps muscles in graded and in maximal movements of the human 
forearm have been studied by Golla and Hettwer (11). In general, our results 
wth maximal contractions confirm theirs. In relatively slow contractions 
(heavy load) there is considerable antagonist activity throughout the movement 
as judged by the EMG. In rapid movements technical difficulties prevent esti- 
mation of the amount of electrical activity, but that it was present is fair!}'' 
certain. 


Table 4. Summary of the data of figure 9 


SUBJECT 

SEX 

PHYSICAL 

CONDITION' 

ISOU. 90° 
kgm.-cm. 

MAX. 

rad./scc. 

SYU. 

b 

cm./sec. 

Po/a 

MKA 

M 

A 

S30 

19.0 

X 

490 

1.6 

DK 

M 

A 

750 

19.0 

• 

325 

2.0 

RJ 

M 

A' 

500 

18.0 

o 

280 

2.3 

EC 

F 

N 

360 

18.5 

A 

315 

2.1 

CT 

F 

AT 

260 

19.0 

O 

380 

1.7 

MH 

F 

X 

410 

18.0 

■ 

— 

_ 

JF 

F 

N 

460 

15.0 

• 

— 

— 


For each subject the sex, the physical condition, (as athlete {A) or non-athlete (A^)),the 
isometric torque at 90”, the velocity at 90° with the lightest load {.Max. Vel.), and the sym- 
bol {Sym.) used in figure 9 are given. The figures of the last two columns for the constants 
obtained by fitting Hill’s equation; b is expressed in cm. per second at a radius of 35 cm., 
and Po/a is a ratio. 

Isometric flexions of the forearm result in considerable extensor activity but 
less in amount than that recorded from the biceps. The triceps is more active in 
isometric flexions at 90° than when the arm is in more extended positions. A 
few recordings of isometric extension show that for at least one subject (MH) 
"the biceps (here the antagonist) remains relatively'' inactive electrically. 

DISCUSSION 

(1) The significance of the force-velocity curve. The data presented in this 
paper describe the relationship between force and velocity in maximal flexions of 
the forearm. Since the electromyograms indicate acti'vity of antagonist muscles 
in all contractions, the measured forces are re.sultants and, therefore, are lovei 
than the true tension in the agonist. If it could be sho'wn that the antagonists 
develop a constant (or measurable) tension in all contractions, and that a maxi- 
mal voluntary fie.xion produces a maximal (or constant percentage of maximal) 
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tetanizing stimulus to the forearm flexors, the observed force-velocity curves 
for arm movements could be compared to those for isolated muscle. Certain 
features of the mechanical records suggest, however, that the innervation is 
variable. In general, it has been show that different curves relating force to 
velocity are obtained vith different techniques of application of the opposing 
load. 

The true force-velocity curve of human (isolated) muscle must he outside the 
curves presented. The true isometric tension is greater than our measured value 
since it has been show that there is considerable antagonist activity. The 
maximal unloaded velocity can be estimated from other data if it is assumed that 
all mammahan muscles are similar. Fenn and Marsh (12) have show that the 
ma xima, 1 velocity in cat quadriceps is about 5 cm/cm. muscle length/sec. from 
extrapolation of their curves. If then the human biceps is 16 mm. long, it should 
have a maximal velocity of about 80 cm /sec. If the mean lever arm of the 
flexor muscles is 3 cm., this would represent an angular velocity of 26 radians per 
second. In figure 9 this point would be w = 160 %, torque = 0. What the real 
value of the isometric torque would be if there were no antagonist activity cannot 
be estimated from data available at present. However, the true force-velocity 
curve must pass through some point greater than the measured isometric and 
through a maximum velocity of the order of 160% of the measured maximum. 
The exact course of the curve is not determinable from simple force-velocity 
measurements in the intact arm. 

Therefore, although the curves of figures 7 and 8 can obviously not be repre- 
sented by an equation of the form given by Hill (1) there is no evidence that his 
equation may not be apphcable to human (isolated) muscle. Curiously enough, 
the individual subject’s data (fig. 9) can be rather accurately represented by a 
rectangular hyperbola. The constants for each given in the last columns of 
table 4 have obviously no fundamental significance, since the curves do not repre- 
sent the total exerted torque in the range of high-velocity, the total torque curve 
passing through the encircled symbols. 

(2) Method of study of human muscle. Fenn, Brody and PetrilU (13) reported a 
series of quick release experiments in which force and velocity were measured 
over a time interval after release which was short enough to preclude the inter- 
ferenfce of reflex modification of the movement. With this technique a given 
velocity increase results in a smaller loss of tension than when release is not used. 
This method has been criticized on the grounds that the elastic component of 
muscle, which is presumably not affected by movement velocity, is stretched by 
the contractile component, and at the time of release the former is responsible for 
the smaller coefficient of tension loss. While this criticism is partially justified 
for a single release, from the point of view of pure mechanics the quick release 
method is theoretically more acceptable than ‘free swings.’ The behavior of a 
purely elastic element is independent of the load but is dependent on the initial 
tension before release. If a muscle in which there is no co-activity in the 
antagonist be selected, the isometric tension is a determinable quantit 5 ^ On 
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release against a series of opposing loads any relationsliip between the velocit; 
and the force developed in the earliest part of the contraction must necessarily hi 
one of muscular properties. After a release both the contractile and elastii 
elements ■will be active in producing movement. ' Although it is possible that ii 
practice the latter may partially obscure the contractile component, any drop ii 
force associated with higher velocity is either a property of the contractili 
machine or a frictional factor. This applies equally well to isolated muscle 
If force-velocity relationships do not agree with those obtained -ivith the con 
ventional method of study of isolated muscle, i.e., in relatively ‘steady-state 
movements, it must be argued that the properties of the machine are differeni 
under various conditions of contraction and that equations of motion for muscle 
must be specific for a particular set of mechanical conditions. It would still be 
necessary to select a muscle group where co-contraction of the antagonists woulc 
not be prominent, possibly the extensors of the forearm in certain subjects. 

SUMMARY 

1. An apparatus is described wath w^hich it is possible to produce a series o. 
inertias, torques and linear forces of adequate magnitude to explore the range oi 
forces capable of being exerted by human subjects. 

2. Voluntary maximal flexions of the forearm were made against opposing 
loads, applied in three ways: a) moments of inertia, h) constant torques about 
the elbow joint as a center of rotation, and c) constant linear forces parallel tc 
the axis of the upper arm (equivalent to a torque w'hich increases as the arm 
flexes). 

3. The kinetics of the single contraction were studied. During the first part of 
the movement the three techniques give similar results — an essentially constant 
torque is developed. In the last part of the movement the pattern of movement 
is different for each method of applying the load. 

4. The force-velocity curves at 80° of flexion for contractions against inertias 
and constant torques are similar for a given subject but are different from the 
curves obtained "uath techniques using increasing torques. The results are inde- 
pendent of the sex, muscular development and training of the subject. 

5. Electromyograms recorded from the biceps and triceps in general corrobo- 
rate findings pre'viously reported. There is considerable acti'vity in the antago- 
nists in isometric flexions and in contractions in which movement occurs. 

6. The significance of force-velocity data in arm movements is discussed. It 
is concluded that such data are not necessarily a measure of force-velocity rela- 
tionships in human (isolated) muscle. Hence Hill’s equation cannot be fairly 
tested by simple measurements of limb movements. 

7. A possible method of study of the mechanics of human muscle is suggested. 
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Although the changes in the volumes of the tissue fluids in disease are well- 
known phenomena in children, little is known concerning this volume in health. 
The report of Robinow and Hamilton (1) describes the only experimental de- 
termination of the extracellular fluid volumes of children of the white race 
recorded in the literature. The present investigation was undertaken to sup- 
plement this knowledge. Together with the deteiTnination of the blood volume 
(2) it represents one phase of a comprehensive study of physical fitness in children 
Avhich is being conducted in this laboratory. 

Sixty-five children varying in age from 3 to 17 3 ’^ears were studied. The 
3 munger children were of both se.xes. They were selected from patients at the 
Country Home for Convalescent Childi-en as representing physiologically normal 
states at the time the determinations were made. The 54 children over 10 
years of age were normal, health 3 ’' boys* who came to the laboratory for the sole 
purpose of taking ph 3 '’sical-fitncss tests. Determinations of the fluid volumes 
were made while the child v^as in the i-esting, fasting state. 

The method used was essential^ that described b 3 ’^ Gregersen and .Stewart (3) 
for the simultaneous determination of the blood and extracellular fluid volumes. 
The number of blood samples was reduced to a minimum, 4 samples being drawn 
at half-hour inteivals after the injection of the thioc 3 ’’anate and dye solutions 
in addition to the control sample. Usually the thiocyanate had reached a 
constant level in the plasma of the last Wo samples. In a few cases there was 
no proof that a constant value had been reached in two hours. In such cases the 
two-hour concentration was used in calculating the thiocyanate space. 

Thiocyanate concentrations in the plasma were deteimined by the technic 
described b 3 '^ Forbes, Dill and Hall (4) and read in the Evel 3 m photoelectric 
colorimeter using filter 490. A calibration cuiwe was constructed from thio- 
cyanate-free plasma filtrates containing amounts of trichloro-acetic acid equiv- 
alent to that in the unknown and aliquots of a solution containing 1 ml. of the 
the original 5% sodium thiocyanate solution in 6,00 ml. of distilled water. 

The ‘available fluid’ volume was calculated as recomrnended by Gregersen - 
and Stewart (3) b}^ dividing the milligrams of thiocyanate injected by the milli- 
grams of thiocyanate per liter of plasma. It corresponds to ‘Space A’ as used 

* This work has been conducted under a grant from the Douglas Smith Foundation at the 
University of Chicago. 

- Deceased March 8, 1944. 

^ We are indebted to many friends and to the University of Chicago Settlement House, 
the Hyde Park Neighborhood House and the Valentine Boy’s Club for sending the boys to 
us. 
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by Stewart and Rourke (5) and by Kaltreider, Meneely, Allen and Bale (6). 
Interstitial fluid volumes were calculated to correspond to the data of Forbes, 
Dill and Hall (4) by subtracting the plasma volume and 70% of the red cell 
volume from the available fluid volume, 'i^fliile it is recognized that the inter- 
stitial fluid volume so measured does not represent a precise fluid compartment 
of the body, it is believed that it represents a fairly definite entity which has 
physiological significance. 

The results are given in table 1. Figure 1 shows the relations of the available 
fluid volume to the age, height, weight and surface area of the child. The re- 
lations of the interstitial fluid volumes to the same physical measurements are 
quite similar but with more scattering of the individual data. Those curves 
relating the available fluid volume to height, weight and surface area have been 
fitted by the method of least squares. The curves fit the data fairly well. The 
relationship of the available fluid volume to body weight throughout childhood 
and adolescence may be expressed by a linear equation, to stature by a semilog- 
arithmic equation and to surface area by an equation of the second degree. 

The curves relating the fluid volumes to height and surface area are not quite 
satisfactory in that they do not bend sharply enough to take in a group of points 
representing boys of 9 to 11 years, with approximate heights of 140 cm. and sur- 
face areas of 1.1 square meters. Although more suitable single curves have not 
been found, it is possible to fit the plotted data for both height and surface area 
by a combination of two straight lines meeting at a point in the group of 9- to 11- 
year old boys. For purposes of expressing these linear relationships for limited 
age groups, the children have been divided into two groups representing surface 
areas of 0.5 to 1.2 and 1.0 to 2.0 square meters, respectively. The linear equa- 
tions which have been derived for the two groups by the method of least squares 
are as follows: 

For children with surface areas of 0.5 - 1.2 sq. ni.: 

Available fluid volume = —6.14 0.1042 height 

“ “ “ —1.48 -F 9.12 surface area 

Interstitial fluid volume = —3.40 + 0.0674 height 

“ “ “ —0.44 5.95 surface area 

For children with surface areas of 1.0 - 2.0 sq. m.; 

Available fluid volume = —27.20 + 0.2557 height 

“ “ “ —7.15 + 14.22 surface area 

Interstitial fluid volume = —20.10 + 0.1883 height 
“ “ “ —5.31 -b 10.46 surface area 

Useful equations which cover the whole range of childhood and adolescence 
inlate the fluid volume to weight: 

Available fluid volume = —0.03 -f 0.287 weight 
Interstitial fluid volume = -f0.02 -f 0.209 weight 

I he 'a’ constants of the equations are so small that they may be neglected. 

Table 2 gives the standard errors for predictions based upon both the compre- 
hensive equations covering the age range from 3 to 17 years and the linear equa- 
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Table 1 


CASE NO, 

SEX 

ACE 

nEIGHT 

WEIGHT 

SURFACE 

AVAILABLE 
FLUID VOLUME 

INTERSTITIAL 
FLUID VOLUME 

6 

]M 

3.33 

mM 

n 

0.70 

5.28 

4.18 

7 

F 

4.17 



0.57 

3.57 

2.68 

8 

F 

4.33 

■EH 

■h 

0.75 

4.83 

3.68 

9 

F 

4.92 

103.6 

15.6 

0.67 

4,46 

3.19 

10 

]\I 

5.00 

106.2 

16.5 

0.70 

4.92 

3.75 

12 

■I 

6.58 

121.5 

21.3 

■B 

6.45 

5.08 

14 


6.92 

127.0 

26.0 

mSm 

8.42 

6.40 

15 

■■ 

7.50 

121.4 

21.6 

0.86 

6.45 

4.98 

16 

M 

7.92 

121.5 

25.0 

0.91 

7.54 

5.44 

17 

M 

8.25 

121.3 

19.0 

0.81 

5.34 

3.83 

20 

M 

8.67 

137.1 

30.6 


8.70 

6.22 

21 

M 

8.83 


22.3 


6.43 

4.79 

22 

M 

8.92 


28.9 


8.22 

5.76 

23 

F 

9.17 


30.6 

1.08 

7.30 

5.17 

24 

M 

10.08 

136.1 

25.4 

1.00 

7.48 

5.33 

25 

M 

m 

139.0 

29.0 

■B 

7.76 

5.21 

26 

M 

■EH 

146.6 

38.2 


10.72 

7.87 

29 

M 

11.17 

142.7 

28.8 

■h 

8.70 

5.88 

30 

M 

11.33 

138.0 

28.9 

1.07 

8.42 

6.11 

31 

M 

11.50 

142.5 

•32.4 

1.14 

8.97 

6.54 

33 

M 


139.7 

32.0 

1.11 

8.72 

6.41 

34 

M 


150.8 

36.5 

1.26 

11.00 

8.13 

35 

M 

12.42 

149.2 

36.6 

1.25 

10,26 

7.55 

36 

M 

12.50 

151.4 

38.5 

1.29 

11.54 

8.87 

37 

M 

12.58 

147.6 

38.0 

1.26 

9.54 

6.99 

38 

M 

mmmmm h 

154.2 

40.4 

1.33 


8.66 

39 

M 


147.3 

39.1 

1.28 


7.16 

40 

M 

13.17 

155.5 

43.6 

1.38 

12.52 

9.20 

41 

M 

13.25 

145.2 

35.9 

1.21 


7.63 

42 

M 

13.42 

151.0 

39.9 

1.31 

12.68 

9.40 

43 

M 


■■■ 

40.1 

1.32 

HI 

8.45 

44 

M 



47.2 

1.44 

HH 

9.98 

45 

M 



45.6 

1.47 

12.03 

8.46 

46 

M 


170.1 

49.9 

1.56 

15.84 

12.84 

47 

M 

14.00 

156.0 

36.7 

1.29 

10.05 

7.46 

48 

M 


152.5 

40.8 

■B 

11.27 

8.19 

49 

M 


163.3 

60.3 

■H 

18.24 

14.56 

50 

M 


168.7 

57.9 

1.66 

16.11 

11.42 

51 

M 


153.7 

48.1 

1.43 

13.73 

9.63 

52 



150.0 

43.3 

1.35 

12.73 

9.23 
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Table 1 — Continued 


CASE NO. 

SEX 

ACE I 

height 

WEIGHT 

SUEFACE 

available 
FLUID VOLUME 

inteestitial 
fluid volume 

53 

M 

14.33 


62.2 

1.77 


14.16 

54 

M 

14.33 

169.4 

54.4 

1.62 

16.55 

12.72 

55 

M 

14.33 

166.1 

44.9 

1.47 


10.17 

56 

M 

14.67 

154.4 

45.3 


12.20 

8.85 

57 

M 

14.75 

167.7 

58'.4 

1.66 

15.30 

11.05 

58 

M 

14.75 ■ 

182.7 

76.7 

1.98 

19.74 

13.53 

59 

M 

14.83 


36.2 

1.25 

10.89 

8.02 


M 

14.83 

169.8 

57.8 

1.66 

17.44 

12.81 

61 

M 

14.83 

173.6 

63.1 

1.76 

18.95 

14.03 

62 

M 

15.17 

170.1 

51.8 

1.59 

15.05 

11.10 

63 

M 

15.33 

— 

68.3 

1.90 


13.21 

64 

M 

15.42 


60.7 

1.76 


12.64 

65 

M 

15.50 

172.9 

61.6 

1.73 

mmm 

13.83 

66 

M 

15.50 

179.4 

58.4 

1.74 

17.70 

12.79 

67 

M 

15.67 

178.7 

62.5 

1.79 

19.79 

14.48 

68 

M 

— 


57.9 

n 

mM 

11.65 

69 

M 


mmm 

48.9 


msm 

10.91 

70 

M 


162.0 

45.5 

mSM 

12.69 

8.84 

71 

M 

16.08 

172.0 

56.5 

1.66 

17.54 

12.83 

72 

M 

16.17 

175.1 

69.0 

1.84 

19.74 

14.84 

73 

M 

16.42 

172.2 

64.6 

1.76 

16.45 

12.06 

74 

M 

16.50 

177.2 

61.2 

1.76 

17.60 

12.87 

75 

M 

16.75 

175.5 

59.9 

1.74 

17.35 

12.77 

76 

M 

16.83 

182.6 

70.3 

1.90 

18.45 

12.52 

77 

M 

17.00 

167.3 

55.9 

1.62 

18.10 

13.14 


tions covering age ranges of approximately 3 to 12 years and 12 to 17 years. If 
the choice of the best standard of reference is to depend upon the one giving the 
smallest standard error, body weight would be chosen for the younger group and 
surface area for the older group. In corresponding data for adults, surface area 
has been chosen as the standard of reference giving the least amount of scatter 
(4, 7-9). 

In a study of the blood volume it was found by statistical analysis that a com- 
bination of two standards of reference, height and chest girth, serves better 
than height, weight or surface area alone. A similar analysis of the relation of 
the available and interstitial fluid volumes to various combinations of anthro- 
pometric measurements has not proved very fruitful. The standard errors for 
predictions based upon combinations of two standards of reference are given in 
table 3. In the younger group the error of prediction is least when the volumes 
are calculated from height and the index of build. In the older group no com- 
bination of standards of reference has given so close a prediction as surface 
area alone. 
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Whatever standards of reference are taken, the available fluid volumes show 
less variation than the interstitial fluid volumes. The variation, measured by 
± 2 standard errors represents zfc 13% of the predicted values for available 
fluid and a corresponding ± 18% for interstitial fluid, when predictions are based 
upon those standards of reference giving the least variation. 

AGE, YEARS HEIGHT, CM. 




Fig. 1. Relation op the available fluid volumes of nohmal childebn to their age, 
height, weight and surface. The lines representing the relation to height, weight and sur- 
face area w’ere fitted to the data b 3 ' the method of least squares. 


The question of the relationship of the fluid volumes to the state of nutrition 
of the child was investigated by relating the deviations from the predicted vol- 
umes to the index of weight of the child. If the predicted values were based 
upon surface area the deviations showed no trend related to the index of weight. 
Surface area is dependent to a certain degi’ee upon the state of nutrition and is 
probably a poor standard on which to base such a comparison. In the report of 
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the blood volume (2) it was suggested that the height and chest girth describe 
approximately the skeletal framework -of the child and that predictions based 
upon these standards of reference are independent of the composition of the sub- 
stance surrounding that framework. This conception was applied to the inter- 


Table 2. Comparison of height, weight and surface area as standards of reference for 


predicting the available and interstitial fluid volumes of normal children 



1 

SIZE OF THE CHILD IN TEHUS OF SURFACE AREA 


0.5-1.2sq. in. 

1.0-2.0 sq.m. 

O.S-1.2 sq. m. 

j 1.0-2.0sq.ra. 

STANDAEDS OE EEFEECNCE 

Number of Cases 

20 

54 

20 

• 54 


Standard Error of Estimate* 


Liters 

% of the Mean 


For Available Fluid Volume^ 

a. Predictions based upon the comprehensive equation for children of all sizes 


Height 

Weight 

Surface area 

■1 

1.22 

0.96 

0.97 

1 10.3 

7.5 1 

9,0 

8.9 

7.0 

. 7.1 

b. Predictions based upon the linear equation for children in the range of 

surface areas specified 

Height 



8.7 

8.9 

Surface area 



7.4 

• 6.7 


For Interstitial Fluid Volume 


a. Predictions based upon the comprehensive equation for children of all sizes 


Height 

Weight . . . 

Surface area 

0.76 

0.51 

0.66 

m 

■I 

13.5 

9.5 

9.7 

b. Predictions based upon the linear equation for children in the range of surface 

areas specified 

Height .... ... 

0.55 

1.08 

■m 

10.8 

Surface area 

0.49 

0.91 

■■ 

9.1 


‘ Standard Error of Estimate 


1 /: 


SA- 

DP 


where A represents the deviation of the volume 


found from that predicted from the appropriate regression equation, and DF the degrees of 
freedom, n— 2 in the case of height and weight, n— 3 in the case of surface area. 


stitial fluid volumes by plotting the deviations from the values predicted by 
height and chest girth as frequency distributions for groups representing various 
weight indices. Approximately equal numbers of positive and negative de- 
I iations were found in all of the groups. The lack of relationship of the inter. 
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stitial fluid volume to the state of nutrition, which such a distribution of the 
deviations suggests, finds ^pport in the report of Keys (10) that the available 
fluid volumes of young adults showed no significant change as their weight was 
reduced 24% by starvation. 

In spite of the fact that body weight is a comparatively poor standard of re- 
ference because of the variable substance which it represents, it serv^es as a useful 


Table 3. Comparison of single and combinations of anthropometric' measurements 
as standards of reference for the prediction of the available fluid and interstitial fluid 

volumes of normal children 


STANDARDS OF REFERENCE 

1 

SIZE OF 3rHE child IN TERMS OF SURFACE AREA 

O.S-I.IS sq. m. 

1.0'2.0 sq. m. 

1 

0.5-1,15 sq. m. , 

1.0-2.0 sq. m. 

Number of Cases 

20 


20 

S4 

Standard Error of Estimate 

Liters 

% of the Mean 

For Available Fluid Volume 

Height 

■■1111 

1.22 

S.7 

8.9 

Weight 


0.96 

7.0 

7.0 

Surface area 


0.91 

7.4 

6.7 

Height and weight 

0.49 i 

0.92 

7.1 

6.7 

Height and index of build. 

0.43 

1.00 

6.3 

7.3 

Height and chest girth, . . 

0.46 

0.97 

6.7 

7.1 

Weight and index of 





weight 

0.49 

0.92 

7.1 

6.7 


For Interstitial Fluid Volume 


Height 

0.65 

1.08 

10.8 

10.8 

Weight 

0.44 

0.95 

8,8 

9.5 

Surface area 

0.49 

0.91 

9.7 

9.1 

Height and weight 

Height and index of 

0.46 

0.92 

9.1 

9.2 

build 

0.42 

0.93 

8.4 

9.3 

Height and chest girth. . . 
Weight and index of 

0.46 

0.95 

9.1 

9.5 

weight 

0.46 

0.93 

9.1 

1 

9.3 


basis for comparing the relative effect of the age of the child upon the volumes 
of the various fluid compartments. In figure 2 the blood, plasma, available and 
interstitial fluid volumes per kilogram of body weight are plotted against the 
age of the child. The chart also shows the relation of age to the packed cell 
volume and to the ratio between the interstitial fluid and the blood volumes. 
T\'hile the blood volume increased from an average of 80 ml. per kilogram of body 
weight at 3 years to 90 ml. per kilogram at 16 years, the available fluid volume 
per unit of body Aveight remains quite constant at 287 ml. per kilogram. The 
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Fig. 2. Relation of the blood and tissue fluid volumes per unit of body weight 
to the age of the child. The solid lines represent trends as calculated by the method of 
least squares, the broken lines the range of variation represented by ± 1 standard error of 
estimate from the trend lines. 

Certain inconsistencies have been introduced by representing the trend lines for the 
unit plasma and blood volumes by single straight lines and that for the hematocrit by two 
straight lines. It is also possible that variations with growth and development have been 
masked by the use of the single straight lines. Better internal consistency and perhaps 
better agreement with the facts could be obtained by representing the trends by averages 
for age groups. It does not seem that such an elaboration is justified at present in view of 
the comparatively few children studied in the younger age groups and the wide variation 
among individuals of a given age group. 
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slight upivard trend for the plasma volumes and doivnward trend for the inter- 
stitial fluid volumes are of questionable significance, but a tendency toward 
smaller interstitial fluid volumes in boys of 9 to 11 years of age which is reflected 
in a decrease in the ratio of the interstitial fluid to the blood volume suggests 
some change in the body fluids of possible physiological significance during that 
period of childhood. 


DISCUSSION 

The literature contains little information on the available fluid volumes of 
children. The values of Robinow and Hamilton (1), all above 300 iril/kgm., 
are on the whole higher than those of the present study which average 287 
ml/kgm. The discrepancy can probably be explained by the fact that the ma- 
jority of children studied by these authors were 10 to 20% underweight. Our 
values for white children are similar to those of a group of negro boys of an earlier 
study (11) if the volumes are related to surface area, but are slightly lower when 
referred to body weight. The available fluid volume of the negro boys averaged 
299 ml/kgm.^ The volumes per liter of bodj'^ surface reported by Forbes, Hill 
and Hall (4) for 4 negro cliildren in Mississippi agree Avith our values for white 
children of the same age. 

Values in the literature for the available fluid volume of adults (5-7, 9, 12) 
vaiy quite widely Avith reported averages from 191 to 257 ml/kgm. Values for 
4 young male adults studied in this laboratorj'^ averaged 235 ml/kgm., Avith vari- 
ations from 177 to 289 ml/kgm. It seems reasonably certain that the available 
fluid volume of the child and adolescent exceeds that of the adult when referred 
to a imit of bod}’’ AA^eight. Although the various investigators agree that surface 
area shoAVs closer correlation AA’ith the available fluid volume than does body 
Aveight, it is difficult to compare children AA’ith adults on this basis, for our results 
have shoAAm that the ratio of the available fluid Amlume to sui’face area increases 
with age. The 16- and 17-year-old boys of our study had an average available 
fluid volume of 10.14 1/sq. m. as compared AAuth average values varying from 
7.19 to 9.7 1/sq, m. for adults as reported in the literature. 

SUMMARY 

The available fluid volumes of 65 normal children varying in age from 3 to 17 
years AA'ere calculated from the dilution of intraA'enously injected sodium thio- 
cyanate. The interstitial fluid volume was calculated b}'’ subtracting the plasma 
volume and 70% of the red cell volume from the available fluid volume. 

The available fluid volumes were found to be related to body Aveight by a 
linear equation, to stature by a semilogarithmic equation and to surface area by 
an equation of the second degree. Equations of similar form Avere found to 
describe the relationship of the interstitial fluid Amlume to height, Aveight and sur- 
face area. In addition to comprehensive equations covering the whole range of 

* Values as originall}' reported were lower because the plasma volume had been sub - 
tracted . 
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childhood and adolescence, linear equations covering limited age groups were cal- 
culated to relate both available and interstitial fluid volumes to stature and to 
surface area. Two such equations cover the age range from 3 to 17 5 ’'ears in 
each case. 

Judged by the standard error of estimate, surface area Was found to be the 
best standard of reference for the available and interstitial fluid volumes of the 
child. For the jmunger child a combination of height and index of build as 
standards of reference gave the least variation from the predicted values of any 
of the standards of reference tested. For the older boys the use of surface area 
as the standard of reference gave closer predictions than combinations of anthro- 
pometric measurements. 

Unlike the blood volume, the interstitial fluid volume was found not to vary 
with the state of nutrition of the cliild. 

The available fluid volume per unit of body weight was found to remain con- 
stant throughout the age range of 3 to 17 years. A tendency toward smaller 
interstitial fluid volumes noted in boys of 9 to 11 years of age which was reflected 
in a decrease in the ratio of the interstitial fluid to the blood volume suggests 
some change in the body fluids of possible physiological significance during that 
period of childhood. 

The authors wish to e.xpreas their appreciatiou to Dr. D. B. Dill of the Fatigue Labora- 
tory at Harvard University whose cooperation instigated this and other problems relating to 
the physical fitness of the child. 
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The introduction by Gibson and Evans (1) of the blue dye technic for the de- 
termination of plasma volume made possible more accurate values than could 
be secured by using the red dyes and stimulated further investigation into the 
.subject of blood volume. The present study used this technic to determine 
basic values for the blood volume of normal children of all ages -which could 
serve for comparison with children whose blood volume is abnormal. 

Seventy-seven normal children varying in age from 1 to 17 years were studied. 
The 23 children under 10 years of age were criticallj’- selected by the physician- 
in-charge from patients at Bobs Roberts Memorial Hospital and at the Country 
Home for Convalescent Children as representing physiologically normal states 
at the time the blood volume determinations were made. They represented 
both sexes. All of the children 10 j'-ears of age or older were normal, healthy boys^ 
who came to the hospital for the sole purpose of taking tests for physical fitness. 
The children were in the resting, fasting state at the time the blood samples were 
drawn for the determination. 

The method used was essentially the modification of the blue dye teclinic 
described by Gregersen and Stewart (2) for the simultaneous determination of 
plasma volume and thiocyanate space. Dye concentrations in the plasma were 
determined with the Evelyn photoelectric colorimeter (3). The logarithmic 
character of the disappearance slope as described bj’' Gregersen and Rawson (4) 
was taken into account in calculating the initial dilution of the dye by the plasma. 
The total blood volume was calculated from the plasma volume by means of the 
relative packed cell volume. No correction was made for the volume of plasma 
trapped in the cells, since it was desired to compare the blood volumes with 
earlier values described in the literature in which this correction had not been 
made. Such a correction would lower the reported volumes by approximately 
4% (5). _ ; 

To allow for variations in size, the height and weight of each child was re- 
corded and the surface area calculated from the formula of DuBois (6) or the 
nomogram (7) based upon that formula. For many of the children additional 
measurements of chest girth, hip width, knee width and subcutaneous fat gave 
material for estimating body type and nutritive status by calculation of the index 
of build and index of weight as described by McCloy (8). It was hoped that 

^ This work has beon conducted under a grant from the Douglas Smith Foundation at 
the Universitj"^ of Chicago. 

- Deceased March 8, 1944. 

’ We are indebted to many friends and to the University of Chicago Settlement House, 
the Hyde Park Neighborhood House and the Valentine Boy’s Club for sending the boys to 
us. 


44S 



BLOOD VOLUME OF NORMAL CHILDREN 


449 


such, information might facilitate the analysis of individual variations in blood 
volume and serve as a basis for more accurate predictions of the normal blood 
volume of a given child. 

The results are given in table 1. Figure 1 shows the relation of the blood 
volumes to body height, weight, surface area and age. With the exception of 
the curve relating the blood volume to the age of the child, the lines drawn 
through the plotted points are based upon equations which have been deter- 
mined by statistical analysis to fit the whole range of height, weight or surface 
covered by childhood and adolescence. The relation of blood volume to body 
weight is represented by a linear equation, to body surface by a second degree 
equation and to stature by an exponential function which is fitted best by the 
Gompertz curve. 

The standard errors of estimate of table 2 show the comparative value of each 
of these measurements as standards of reference for predicting the blood volume 
of a given child. The smaller the standard error of estimate, the smaller will 
be the range of variation around the trendline represented by the regression 
equation. Judged by the error of estimate, a closer prediction can be made 
from surface area than from either height or weight alone. By dividing the data 
into three groups determined by the size of the child, specifically by his surface 
area, it is shovm that the error of estimate increases with the size of the child 
but that its value relative to the predicted volume (per cent) varies little from 
early childhood through adolescence, especially when the prediction is based 
upon surface area. 

Within each of the three groups representing surface areas of 0.4-0.8, 0.8-1.4 
and 1.4-2.0 square meters, respectively, the relation of blood volume to height, 
weight or surface area is practically linear. Linear equations have been derived 
by the method of least squares to express these relationships. 

For children with surface areas of 0.4r-0.8 sq.m.: 

Blood volume = -{-0.3 + 77.14 weight 
“ « = -706.1 + 19.05 height 

" “ = —268.8 -{- 2267 surface area 

For children with surface areas of 0.8-1.4 sq.m.: 

Blood volume =-f41.3 + 85.23 weight 
“ “ = -4305 + 50.62 height 

“ “ =-1173-h 3511 surface area 

For boys with surface areas of 1.4-2.0 sq.m.: 

Blood volume = -{-214.3 -{- 92.66 weight 
“ . “ = -9835 -{- 87.55 height 

“ “ = —3339 -{- 5074 surface area 

For clinical purposes linear equations have the advantage of simplicity. The 
standard errors of estimate based upon these equations are shown in table 2. 
A comparison with the errors of estimate based upon the comprehensive equa- 
tions indicates that accuracy of prediction of blood volume is not impaired ap- 
preciably in any case and in some instances is improved by calculating from linear 
equations which cover a limited range of body size. In any size group the equa- 
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Table 1 


CASE 

NO. 

SEX 

AGE 

HEIGHT 

WEIGHT 

sxntFAcn 

CHEST 

CIETH 

McCiov Rating 

HEHA- 

TOCEIT 

S.EADIKO 

FIASKA 

VOt'OME 

BLCMDD 

VOLUME 

INDEX OF 
JJHILD 

INDEX 01 
WEIGHT 



yr. 

cm. 

hgm. 

sq, 

cm. 



% 

cc. 

CC. 

1 

M 

0.75 

68.0 

9.8 

0.41 

— 

— 

— 

36.8 

426 


2 

P 

1.17 

73.5 

8.1 

0.41 

— 

— 

— 

40.3 

340 


3 

M 

1.17 

79.0 

10.5 

0.47 

— 

— 

— 

42.2 

449 


4 

M 

2.08 

82.5 

10.4 

0.48 


— 

— 

36.3 

544 

854 

5 

M 

2.17 

85.3 

14.0 

0.55 


— 

— 

41.3 

597 

1017 

6 

M 

3.33 

103.5 

17.9 

0.70 

50.2 

0.964 

1.080 

39.6 

753 

1246 

7 

F 

4.17 

95.0 

12.3 

0.57 

46.5 

0.834 

0.998 

40.4 

604 

1013 

8 

F 

4.33 

109.5 

18.5 

0.75 

49.7 

0.913 

1.114 

38.5 

798 

1298 

9 

F 

4.92 

103.6 

15.6 

0.67 

51.2 

0.940 

0.988 

37.5 

899 

1438 

10 

M 

5.00 

106.2 

16.5 

0.70 

52.9 

1.029 

0.906 

41.3 

782 

1330 

11 

P 

5.00 

102.0 

14.5 

0.64 



— 



39.0 

744 

1220 

12 

M 

6.58 

121.5 

21.3 

0.85 

53.8 

0.910 

1.027 

40. S 

926 

1565 

13 

P 

6.67 

120.6 

23.7 

0.89 

— 

— 


41.4 

970 

1656 

14 

M 

6.92 

127.0 

26.0 

0.96 

61.0 

1.020 

1.008 

37.4 

1423 

2274 

15 

]M 

7.50 

121.4 

21.6 

0.86 

53.5 

0.946 

1.003 

42.6 

976 

1700 

16 

M 

7.92 

121.5 

25.0 

0.91 

59.0 

1.071 

1.014 

38.8 

1457 

2381 

17 

M 

8.25 

121.3 

19.0 

0.81 

53.8 

0.850 

0.982 

42.6 

993 

1730 

18 

M 

8.33 

123.0 


0.89 

— 

— 

— 

41.0 

1275 

2160 

19 

F 

8.50 

121.9 

23.0 

0.88 

— 


— 

42.4 

1067 

1852 

20 

M 

8.67 

137.1 

30.6 

1.09 

61.3 

1.001, 

0.999 

37.9 

1735 

2795 

21 

M 

8.83 


22.3 

0.86 

57.0 

0.918 

1.075 

37.0 

1160 

1842 

22 

M 

8.92 

139.2 

28.9 

1.08 

60.1 

0.960 

0.968 

39.1 

1695 

2785 

23 

F 

9.17 


30.6 

1.08 

61.2 

0.992 

1.015 

42.3 

1404 

2432 

24 

M 


136.1 

25.4 

1.00 

58.3 

0.867 

0.983 

41.4 

1434 

2450 

25 

M 

10.33 


29.0 

1.08 

61.0 

0.943 

0.976 

38.2 

1571 

2540 

26 

M 

10.50 

146.6 

38.2 

1.26 

67.3 

1.066 

0.986 

43.2 

1858 

3273 

27 

M 

10.58 

■KISM 

30.1 

1.08 



— 

— 

40.0 

1416 

2363 

28 

F 


Resl 

30.2 

1.11 



— 

— 

41.9 

1444 

2490 

29 

M 

11.17 

142.7 

28.8 

1.09 

62.4 

0.940 

0.902 

40.0 

1925 

3210 

30 . 

M 

11.33 


28.9 

1.07 

61.2 

0.974 

0.961 

40.7 

1560 

2630 

31 

M 

11.50 

142.5 

32.4 

1.14 

64.4 

1.010 

O'. 951 

39.3 

1673 

2760 

32 

M 

11.58 


30.6 

1.11 




— 

44.8 

1663 

3012 

33 

M 

12.33 

139.7 

32.0 

1.11 

65.0 


0.956 

39.0 

1596 

2619 

34 

M 

12.42 


36.5 

1.26 

67.1 


0.947 

36.6 

2047 

3230 

35 

M 

12.42 

149.2 

36.6 

1.25 

65.3 

Wm 

0.985 

42.8 

1780 

3110 

36 

M 

12.50 

151.4 

38.5 

1.29 

66.7 



41.1 

1793 

3047 

37 

M 

12.58 

147.6 

38.0 

1.26 

67.9 


mm 

40.8 

1725 

2912 

38 

M 

12.92 

154.2 

40.4 

1.33 

69.0 


1.000 

40.9 

2050 

3470 

39 

M 

13.00 

147.3 

39.1 

1.28 

69.1 


0.997 

40.7 

1962 

3310 

40 

M 

13.17 

155.5 

43.6 

1.38 

70.5 

mm 

0.997 

39.9 

1 

2267 

3770 
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Table ' 1 — Continued 


CASE 

5?0. 

BEX 

AGE 

HEIGHT ^ 

tV^EIOHT 

BURP ACE 

CHEST 

GIRTH 

MoCloy Rating 

HEMA- 

TOCRIT 

READING 

PLASMA 

VOLUME 

BLOOD 

VOLUME 

IKDEX OP 
BUrLU 

INDEX OP 
■WEIGHT 



yr. 

cm. 

hgm. 

sq- m. 

cm* 



% 

CC. 

CC. 

41 

M 

13.25 

145.2 

35.9 

1.21 

68.7 

1.066 

0.938 

39.9 

1977 

3290 

42 

M 

13.42 

151.0 

39.9 

1.31 

69.6 

1.022 

0.983 

39.4 

2258 

3725 

43 

M 

13.67 

151.7 

40.1 

1.32 

68.6 

0.967 

1.025 

37.6 

1933 

3100 

44 

M 

13.67 

156.5 

47.2 

1.44 

70.6 

1.051 

1.035 

41.4 

1985 

3390 

45 

M 

13.75 

164.2 

45.6 

1.47 

67.8 

0.878 

1.026 

41.2 

2398 

4080 

46 

M 

13.92 

170.1 

49.9 

1.56 

80.5 

1.029 

0.872 

40.7 

2566 

4330 

47 

M 

14.00 

156.0 

36.7 

1.29 

70.1 

0.981 

0.852 

43.4 

1685 

2980 

48 

M 

14.08 

152.5 

40.8 

1.33 

69.3 


0.983 

39.0 

2130 

3491 

49 

M 

14.08 

163.3 

60.3 

1.65 

81.3 

1.165 

1.034 

41.3 

2461 

4195 

50 

M 

14.08 

168.7 

57.9 

1:66 

80.0 


1.000 

48.5 

2823 

5486 

51 

M 

14.17 

153.7 

48.1 

1.43 

76.9 

1.177 

0.966 

37.3 

2892 

4620 

52 

M 

14.25 

150.0 

43.3 

1.35 

74.3 


0.982 

45.5 

2208 

4055 

53 

M 

14.33 

177.0 

62.2 

1.77 

80.2 


0.984 

43.1 

3191 

5610 

54 

M 

14.33 

169.4 

54.4 

1.62 

76.1 


1.026 

42.3 

2530 

4390 

55 

M 

14.33 

166.1 

44.9 

1.47 

72.8 


0.902 

46.7 

2065 

3875 

56 

M 

14.67 

154.4 

45.3 

1.40 

71.3 

wKM 

0.961 

43.0 

2190 

3845 

57 

M 

14.75 

167.7 

58.4 

1.66 

79.8 


0.990 

46.7 

2631 

4940 

58 

M 

14.75 

182.7 

'70.3 

1.90 

96.1 


1.016 

45.0 

4027 

7320 

59 

M 

14.83 

150.1 

36.2 

1.25 

66.6 


0.962 

38.9 

1987 

3255 

60 

M 

14.83 

169.8 

57.8 

1.66 

81.5 

ngji 

1.014 

42.4 

3058 

5310 

61 

M 

14.83 

173.6 

63.1 

1.76 

79.8 

1.043 

1.023 

43.9 

3183 

5670 

62 

M 

15.17 

170.1 

51.8 

1.59 

77.8 

1.019 

0.895 

39.5 

2708 

4480 

63 

M 

15.33 

185.4 

68.3 

1.90 

81.5 

0.973 

1.022 

45.2 

3164 

5770 

64 

M 

15.42 

177.3 

60.7 

1.76 

86.6 

1.041 

0.936 

37.5 

3450 

5520 

65 

M 

15.50 

172.9 

61.6 

1.73 

82.3 

1.030 

0.994 

42.9 

2990 

5240 

66 

M 

15.50 

179.4 

58.4 

1.74 

.76.3 

0.939 

0.962 

42.0 

3257 

5610 

67 

M 

15.67 

178.7 

62.5 

1.79 

85.2 

0.997 

0.980 

43.9 

3438 

6120 

68 

M 

15.67 

174.8 

57.9 

1.70 

76.7 

0.968 

0.977 

44.3 

2844 

5110 

69 

M 

15.92 

162.2 

48.9 

1.50 

78.8 

1.081 

0.894 

43.0 

2703 

4745 

70 

M 

15.92 

162.0 

45.5 

1.45 

71.9 

0.913 

0.988 

39.4 

2643 

4360 

71 

M 

16.08 

172.0 

56.5 

1.66 

77.4 

0.957 

1.010 

40.1 

3210 

5360 

72 

M 

16.17 

175.1 

69.0 

1.84 

88.9 

1.146 

0.967 

43.0 

3208 

5630 

73 

M 

16.42 

172.2 

64.6 

1.76 

81.6 

1.013 

1.065 

43.5 

2850 

5045 

74 

M 

16.50 

177.2 

61.2 

1.76 

83.7 

1.095 

0.888 

47.3 

2900 

5510 

75 

M 

16.75 

175.5 

59.9 

1.74 

83.0 

0.999 

0.942 

45.5 

2875 

5280 

76 

M 

16.83 

182.6 

70.3 

1.90 

87.5 

1.065 

0.978 

48.2 

3589 

6930 

77 

M 

17.00 

167.3 

55.9 

1.62 

80.1 

1.030 

0.950 

43.2 

3193 

5620 
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tion relating to body surface gives a closer i^rediction of blood volume than those 
relating to Aveight or height. 

Although the plasma volume decreases and the cell volume increases in rela- 
tion to the total blood volume as the child grows, the relation of the plasma 
volume to bod}”- height, AA^eight and surface area appears quite similar to that of 


AGE, YEARS HEIGHT, CM. 

0 2 4 6 8 10 12 14 16 60 80 100 120 140 160 180 




Fig. 1. Relation of the blood voloties of normal children to their age, height, 
weight and surface area. The line representing the trend with age was drawn freehand. 
The lines representing the relation to height, weight and surface area were fitted to the data 
by the method of least squares. 

the blood volume. For a given size range these relationships are fairly linear 
and can be expressed by regression equations. 

For children Mith surface areas of 0.4 - 0.8 sq.m.: 

Plasma volume = +1.8 + 46.61 weight 
“ “ = -806.6 + 15.69 height 

“ “ = —162.6 + 1374 surface area 
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For children with surface areas of O.S - 1.4 sq.m.: 
Plasma volume = +63.2 + 49.40 weight 
« “ = -2486 + 29.56 height 

“ “ = —650 + 2044 surface area 


Table 2. Comparison of height, weight and surface area as standards of reference for 
‘predicting the blood and plasma volumes of normal children 



1 

SIZE OF THE CHILD IN TERMS OF SURFACE AREA 


0.4-0.8 sq. m. 

0.8-1.4 sq. m. 

1 

1.4-2.0 sq. m. 

0.4-0.8 sq.m. ■ 

1 

0.8-1 .4 sq. m. 

1.4-2.0 sq. m. 

STANOAllDS OF KEPESENCE 

Number of Cases 

11 

37 

30 ’ 

1 

11 

37 

30 


Standard Error of Estimate* 


J Milliliters j 

% of the Mean 


For Total Blood V olume 

a. Predictions based upon the comprehensive equation for children of all sizes 


Height 

■■ 

283 

489 * 

10.6 1 

10.2 

9.6 

Weight 


245 

478 

13.6 

8.8 

9.3 

Surface area 

1 

■■ 

239 

420 

1 

8.2 

8.6 

8.2 


b. Predictions based upon (he linear equation for children in the range of surface areas 

specified 


Height 

i 

94 

275 

520 

9.0 

9.9 

10.2 

Weight 

119 

238 

443 

11.4 

8.5 

8.7 

Surface area-i 

89 

235 

1 

427 

8.6 

8.4 

8.4 


For Plasma Volume 

Predictions based upon the linear equation for children in the range of surface areas specified 


Height 

65 

167 

302 

10.3 

10.1 

10.4 

Weight 

89 

153 

274 

12.7 

9.2 

9.4 

Surface area I 

t 1 

63 

148 

268 

10.0 

8.9 

9.2 


' Standard! Error of Estimate = A/ — — where A represents the deviation of the vol- 
I |/ DF 

ume found from that predicted from the appropriate regression equation, and DF the de- 
grees of freedom, N— 2 in the case of height and weight, N— 3 in the case of surface area. 


For boys with surface areas of 1.4 - 2.0 sq.m.: 

Plasma volume = +330,1 + 44,72 weight 
“ “ = -4350 + 42.47 height 

“ “ = —1192 + 2457 surface area 

The standard errors of estimate of the plasma volume for the three groups of 
children of sizes represented b}’’ 0.4-0.8, 0.8— 1.4 and 1.4— 2.0 square meters of 
body surface are given in table 2. They are slightly higher than the correspond- 
ing values for total blood volume. As in the case of blood volume, the most 
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accurate predictions of plasma are derived from the surface area of the child 
rather than from his height or weight alone. 

Without doubt the blood volume of a child is determined to a great degree bj’- 
his size. Since almost any study of additional factors or conditions affecting 
the blood volume depends upon comparing children who varj'’ greatly in size, 
the question of selecting standards which best represent the size of the child 
is an important one. For this reason the value of combinations of anthropo- 
metric measurements as standards of reference for predicting the blood volume 


Table 3. Comparison of single and combinalions of anlhropomelric measurements as 
standards of reference for the prediction of the blood vohimes of normal children 


ETAMBAXSS OF ISTESEKCE 


SIZE OF THE CHOD IN' TERUS OF SOEPACE AREA 


0.8-1.4 sq. m. 

1. 4-2.0 sq. m. 

0.8-1.4 sq.m. 

I.4-2B sq.m. 


Number of Cases 


31 

30 

31 

30 


Standard Error of Estimate 



Milliliters 


% of the Mean 


For Plasma Volume 


Height 


302 

10.0 

10.4 

Weight 


274 

9.0 

9.4 

Surface area 


268 

8.7 

9.2 

Height and weight 

149 

267 

8.7 

9.2 

Height and index of build 

148 

264 

8.6 

9.1 

Height and chest girth 

145 

248 

8.5 

8.5 

AVeight and index of weight 

150 

269 

8.7 

1 

9.3 


For Total Blood Volume 


Height 

281 

520 

9.7 

10.2 

Weight 

231 

443 

8.0 

8.7 

Surface area j 

234 

427 

8.1 

8.4 

Height and weight 

230 

424 

7.9 

8.3 

Height and index of build 

225 

452 

7.8 

8.8 

Height and chest girth 

223 

412 

7.7 

8.1 

Weight and index of weight 

218 

423 

7.6 

8.3 


was investigated b}'’ statistical methods. Table 3 compares the standard errors 
of estimate of those combinations Avhich haA'e been found to give the more 
significant further increase in accuracy of prediction. The combinations chosen 
give a better estimate of the shape or composition of the body than do height, 
Aveight or surface area alone. Weight and the index of Aveight take into account, 
the element of subcutaneous fat. Height and the index of build or height and 
chest girth differentiate the slender child from the one Avho is large boned and 
stockibi built. They represent much of both the vertical and the horizontal 
elements of the body. 
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Since the calculation of multiple regression equations from correlation coeffi- 
cients assumes a linear relationship between the variables, it was necessary in 
using height as a variable to limit the children in a given analysis to those whose 
blood volumes show a linear relation to height. The two groups with surface 
areas of 0.8-1.4 and 1.4-2.0 square meters, respectively, satisfy this condition. 
Judged by the standard errors of estimate, the closest prediction of blood volume 
is obtained in the younger group from weight and the index of weight. With 
this exception the combination of height and chest girth appears to give the most 
accurate prediction of both blood and plasma volume. 

The relation of the blood and plasma volumes to height and chest girth may 
be expressed by the following equations. 

For children with surface areas of 0.8 - 1.4 sq.m.; 

Plasma volume = —2473 4- 40.62 chest girth -f 11.15 height 
Blood volume = —4382 -f 78.85 chest girth + 15.51 height 

For boys with surface areas of 1.4-2.0 sq.m.; 

Plasma volume = —4134 -f- 41.29 chest girth -f 21.90 height 
Blood volume = —9440 -f- 75.52 chest girth -|- 49.94 height 

Within the limits of ± 2 standard errors of estimate the blood volumes of normal 
children may be expected to vary within approximately ± 16% of the values 
calculated from these equations . The corresponding range of variation of plasma 
volumes represents ± 17% of the predicted values. Eighty % of the blood 
volumes and 72% of the plasma volumes measured did not deviate from the 
predicted volumes by more than ± 10%. Two children showed deviations from 
the predicted blood volumes which have exceeded db 2 standard errors of esti- 
mate. Three children showed similarly large deviations from the predicted 
plasma volumes. 

The deviations of the blood and plasma volumes from those predicted bj^ 
height and chest girth have been plotted in figure 2 as frequency distributions 
for the various age groups. When the calculation is based upon the equation 
appropriate for the size of the child, as in the left side of the chart, the distribu- 
tions show no significant variation that might be attributed to the age of the 
child. The right side of the chart, however, shows that the equation which 
fits children of surface areas of 0.8-1 .4 square meters gives values that are too 
low when applied to boys of larger size. A comparison of the equations shows 
that the regression coefficient for height is relatively great in the equation for 
the larger boys. In the calculation of the predicted volumes the value of the 
component measured by chest girth is less than that measured by height in the 
larger boys, while the reverse is true for the smaller children. The greater 
weight placed upon the longitudinal element of the body as a factor in determin- 
ing the blood volume during adolescence suggests that the increase of the blood 
volume at that time is influenced by a cross-sectional factor related directly to 
stature. A development of the musculature during that period would conceiv- 
ably represent such a factor. 

A further analysis of the data, based upon deviations of the blood A'olumc 
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Age - Years 

7-8 9-10 11-12 IS 14 IS 16 IT 14 IS 16 17 



Fig. 2. Relation of age to blood volume as shown b}" the distribution of the deviations 
of the blood and plasma volumes found from those predicted by height and chest girth. • = 
Predictions based upon the equation appropriate for the size of the child. O = Predic- 
tions based upon the equations for smaller and younger children, surface area 0.8 — 1.4 
sq.m. 

INDEX OF WEIGHT 

<0.90 0.90- 0.96 0.96-1.00 1.00-1.04 1.04-1.08 > 1.08 



Fig. 3. Effect of the state of nutrition, as measured by the index of weight (8) , upon 
the blood volume of the child. The children have been grouped according to their index of 
weight and the deviations of the blood volumes found from those predicted by height and 
chest girth charted as frequency distributions for each group. The horizontal bars repre- 
sent the mean for each group. The two obese boys, weight index > 1.08, have not been in- 
cluded in the statistical analysis. 
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from the values predicted from height and chest girth, has given evidence that 
the blood volume is related to the state of nutrition of the child. This analysis 
is based upon the conception that height and chest girth-* measurements will 
describe a skeletal size and that variations from the blood volumes predicted 
from these standards of reference can be used therefore to determine to what 
extent the blood volume is alfected by the composition of the body around the 
framework, in other words, by the state of nutrition. 

The frequency distributions of the deviations from the predicted volumes for 
groups of children representing different weight indices and presumably different 
states of nutrition are shovm in figure 3. The distribution indicates that children 
in a good state of nutrition tend to have larger blood volumes for their skeletal 
size than do either underweight or obese children. It is also of interest that the 
group with weight indices just below the normal average of 1.0 shows a great 
majority of deviations above the predicted values, while the group with weight 
indices just above the normal average shows about equal distribution above and 
below the predicted values. The chances that the differences between these 
two groups are statistically significant are approximately 9 to 10. A moderate 
degree of leanness would seem to favor the development of a large blood volume, 
but leanness to the point of gross undemutrition has the opposite effect. 

DISCUSSION 

Several earlier reports in the literature have described the blood volume of 
normal children (9-15). In most cases plasma volume was determined by using 
a red dye and a short mixing time, and the blood volume calculated from the 
plasma volume and the hematocrit reading. In one case the CO-inhalation 
method was used (9). One of the reports (15) describes values derived by the 
method of the present study, using the blue dye'T-1824, and calculating the dye 
concentration from a disappearance curve as described by Gibson and Evans 
(1). Two of the reports come from the United States, the others from Europe. 

With two exceptions (12, 15) body weight is the only measurement given to 
describe the size of the child. A study of these reports raises doubts as to the 
absolute accuracy of any of the blood volume methods. The relation of blood 
volume to body weight differs in the various reports, even with the same methods. 
To what extent the results have been influenced by racial, nutritional and hema- 
topoietic factors cannot be determined by the data available. Our results sug- 
gest that if surface area or height and chest girth had been used as standards of 
reference instead of weight the discrepancies between the various reports would 
be reduced. It is discouraging to find that the blood volumes determined in our 
laboratorj’- tend to be higher than those found by Brines, Gibson and Kunkel 
(15) when referred to either height, weight or surface area in spite of the fact that 
the technic of Gibson and Evans was used in both laboratories. 

^ In the hands of a given investigator the results of the blood volume determina- 
tion by the dye technic are usually consistent and are valuable for comparative 
pui-poses. 

* Chest girth measurements -were corrected for subcutaneous fat as recommended bv 
McCloy (8). 
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SUjMMARY 

The plasma volumes of 77 normal children var 3 ’-ing in age fi-om 1 to 17 years 
were determined by theblue dye technic of Gibson and Evans. Their total blood 
volumes were calculated from the plasma volume and hematocrit reading. 

The blood volumes were found to be related to body weight by a linear equa- 
tion, to stature by an exponential equation representing the Gompertz curve 
and to surface area by a non-linear equation of the second degree. Less varia- 
tion from the regression curve was found by using surface area as the standard 
of reference. 

For the sake of convenience the relations of the blood and plasma volume.' to 
height and surface area were represented also by linear equations representing 
limited ranges of surface area, 0.4-0.8, 0.8-1.4 and 1. 4-2.0 square meters. Ac- 
curacy of prediction were not impaired by using the appropriate linear equation. 

The value of various combinations of antlmopometric measurements as stand- 
ards of reference for predicting the blood and plasma volumes was investigated. 
With one exception the greatest accuracy’’ of prediction came from multiple 
regression equations relating the blood and plasma volume to the height and 
chest girth of the child. Two equations were necessary to represent the range 
from 7 to 17 years, one for children from 7 to 14, the other for boys from 14 to 17 
3 ''ears. With the appropriate equation, deviations from the predicted volumes 
showed no significant variation with age. 

Using height and chest girth as standards of reference the blood volume was 
found to be related to the state of nutrition of the child as measured b 3 ’’ his index 
of weight. The results suggest that a moderate degree of leanness favors a large 
blood volume but that both leanness to the point of gross undernutrition and 
obesit 3 '- have the opposite effect. 

The authors wish to express their appreciation to Dr. D. B. Dill of the Fatigue Lab- 
oratory at Harvard University whose cooperation instigated this and other problems relat- 
ing to the physical fitness of the child. 
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The symptoms of blackout and unconsciousness resulting from exposure to 
positive radial acceleration have been attributed to reduction in the circulation 
in the head as a result of insufficient arterial blood pressure at head level. Two 
factors which might be responsible for reduction in pressure in the cerebral and 
ocular circulation are a) an increase in the pressure required at heart level to 
elevate blood to the head due to the increase in effective weight of the blood, 
and b) reduction in the blood pressure at heart level resulting from impaired 
venous return from below the heart, particularly from the splanchnic reservoir. 
Pneumatic anti-blackout suits have been devised which raise the blood pressure 
at head level by an amount sufficient to increase man’s tolerance to positive g. 
It has been shovni that the most important feature of these suits is the appli- 
cation of pressure to the anterior abdominal wall. The purpose of this study 
was to examine by means of roentgenograms the changes in the distance from 
the base of the heart to the base of the skull, in the height of the column of ab- 
dominal organs, and in the intrarectal pressure produced during exposure to 
positive g with and without pressurization of Navy'- Z-2 (Army G-4) anti-blackout 
suits. 


METHODS 

This series of experiments was conducted on the human centrifuge at the 
University of Southern California (see ref. 1, p. 330). In the cab of the centri- 
fuge a standard aircraft seat was mounted. Casette holders with par speed 
screens, accommodating x-ray^ plates measuring 14 x 36 inches, were placed 
against the back of the seat. Due to the unusual length of these x-ray plates, 
it was possible to obtain roentgenograms of the subjects extending from the top 
of the head to the buttocks. A small portable x-ray machine (General Electric, 
model F, type 4) was mounted on the front end of the cab of the centrifuge at a 
distance of 1.2 meters from the casette. The roentgenograms were exposed 
using the full capacity of the x-ray tube, 25 milliamperes at 65 kilovolts wth 
exposures varying from 1 to IJ seconds. The total exposure of any one subject 
was less than 30 R units. The timing unit, which activated the x-ray'- tube, was 

' Now at the Department of Physiology, University of Washington, Medical School, 
Se.attle, Washington. 

- The views expressed do not necessarily represent those of the Navj' Department. 
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mounted on the side of the cab so that the subjects could initiate the exposure of 
each roentgenogram at the proper phase of respiration. 

The measurement of intrarectal pressure was accomplished by means of 
balloons fastened to rubber catheters ( 8F) which were connected to a simple 
fluid manometer. The balloons were found to accommodate between 8 and 10 
cc. of ah’ without an increase in internal pressure. In use, the balloons were 
inserted well into the ampulla of the rectum, which had been previously evac- 
uated. The position of the balloon \vithin the rectum was judged from the 
amount of catheter remaining outside the anal sphincter. A reference point 
consisting of a piece of lead was fastened to the skin vdth adhesive tape at the 
right mid-axillary line a distance of 10' inches (25.4 cm.) above the level of the 
balloon in the rectum. The vertical distance from the balloon to the highest 
point on the right leaf of the diaphragm was determined using this reference 
point. The need for such a precaution stemmed from the fact that penetration 
of x-ray required to allow visualization of the rectal balloon itself would necessi- 
tate extended exposure times and would preclude measurement of the intrarectal 
pressures by the method to be described. 

The free end of the catheter was connected to a simple fluid manometer by 
means of vinyl tubing through a T-tube which was used to inflate the balloon 
by injecting air into the system. The manometer was filled vdth a saline solu- • 
tion having a specific gravity of 1.055 to approximate that of blood. This solu- 
tion was not radiopaque so a small airtight capsule was fashioned from Incite 
with a lead disc inserted into the airchamber. The position of the lead disc was 
easily detected on the roentgenograms. It was found that the buoyancy of the 
capsule supported the lead disc 1 cm. beloAv the level of the, column of fluid in the 
manometer tube. 

A horizontal bar was fastened to the back of the seat by means of a 'bracket. 
This bar extended over the right shoulder ,of the subject and served to support 
the manometer tube by its upper end, so that its long axis remained parallel to 
the direction of action of the accelerative force. A lucite scale having lead strips 
at 1-cm. intervals was fastened to the manometer tube. 

The rectal balloon was inflated with considerable care so that the quantity of 
air could be retained at a minimum . After the balloon had been unfolded by 
repeated inflations, a measured quantity of air was injected into the system by 
means of a large syringe. As mentioned in previous reports the rectal balloon 
does not inflate until the pressm-e in the manometer exceeds the intrarectal pres- 
sure. For this reason no fluctuation in the position of the meniscus could be 
produced by straining until the column of fluid in the manometer exceeded an 
average level of 34 cm. After the column of fluid reached this height, it was 
possible to insert an additional 5 to 7 cc. of air without influencing the level 
of pressure sustained at the end of expiration, if the balloon had become ade- 
quately unfolded. 'Under these conditions the pressure in the manometer re- 
sponded promptly to changes in intra-abdominal pressure associated with 
respiratory acti^’ity, speaking or straining.. The syringe was removed and this 
leg of the T connection was plugged. 
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Since each subject was required to expose.the roentgenograms during the ap- 
plication of radial acceleration, the manometer was held before him during several 
preliminary runs to acquaint him with the response of the intrarectal pressure to 
positive g and respiration with and without inflation of the anti-g suit. This 
procedure also graphically demonstrated the necessity for voluntary relaxation 
during the runs to allow reproducible results. 

Each subject was fitted with a coverall type anti-blackout suit (Navy Z-2, 
Army G-4). The pressurizing valve rvas set at 1.2 pounds per g for all runs. 
Calibration of this valve revealed that it was actually delivering 1.18 pounds 
per g. 



Fig. 1. Tracings of the pertinent contours on roentgenograms taken at the end 
of a ‘normal expiration’ during the application of 5 g with and without pressurization of a 
pneumatic anti-blackout suit. The numerical values represent the average of 6 subjects. 

Three of the subjects used in the experiment were members of the Laboratory 
staff and 3 additional subjects were students who had experience in numerous 
previous studies on the centrifuge. Five x-rays were taken without pressuriza- 
tion of the suit at the end of a ‘normal’ expiration vdth voluntary relaxation at 
the following levels of acceleration: 1 g, 2.5 g, 3 g, 4 g and 5 g. Each of these 
runs was repeated under the same conditions except that the suit was pressurized. 
Smce the suit did not appl}^ pressure below 2.5 g, manual control of the valye 
was used to apply one pound of pressure in the suit at 1 g. At all other levels 
of g, the suit was pressurized by the amount indicated above (1.18 pounds per g). 

To obtain some notion of the effect of inspiration on the factors being studied 
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the first 3 subjects were used to obtain an additional series of 30 roentgenograms 
taken under the same conditions except that the exposures were made at the end 
of a ‘normal’ inspiration. 

It should be noted that in the runs at levels of 4 and 5 g without suit pressuriza- 
tion, the centrifuge was stopped as soon as the roentgenogram had been taken. 
In this way the latent period was rarely exceeded and complete blackout was not 
jDroduced. 

After the roentgenograms had been developed, measurements were made as 
indicated in figure 1. This illustration was obtained by tracing the pertinent 
contours on x-ray plates obtained at the end of expiration from one of the sub- 
jects exposed to 5 g with and without suit pressurization. Tlie average values 
for the group of 6 subjects have been substituted for those of this particular 
subject to provide a more reliable indication of the changes which occurred. 

For the measurement of the vertical distance from heart to brain, the point 
of juncture of the right auricle and aorta (or superior vena cava) on the right 
border of the cardiac silhouette was selected as a reference point which could be 
consistently observed. This point is near the level of the aortic valve and in 
those roentgenograms in which the cardiovascular angle on the left border was 
clearly discerned, these two points appeared to be on very nearly the same level. 
The base of the skull could be routinely identified and was chosen as the upper 
limit of the column of blood extending from heart to brain. 

In addition to the information obtained by roentgenograms, respiratory ex- 
cursions were recorded using a Benedict-Roth B.M.R. apparatus mounted be- 
hind the seat on the cab of the centrifuge. Records were obtained during a series 
of runs on each of the 6 subjects. By determining the base line during control 
periods before and after e.xposure to g and the alteration in the base line induced 
by g, it was possible to obtain information concerning the direction of change in 
the position of the diaphragm from an independent source. 

RESULTS 

While the use of a simple fluid-filled manometer is not the most precise method 
for measuring the intrarectal pressure under the influence of acceleration, it has 
proved to be a very dramatic method of demonstrating the relatively small in- 
fluence of large pressures external^ applied to the abdomen under these condi- 
tions. The linear measurements of the height of the column of fluid in the 
manometer and the distance from the rectal balloon to the dome of the diaphragm 
on the right were made as indicated in figure 1. At 1 g at the end of expiration 
the average manometer pressure was 34 cm. of saline (sp. gi’. 1.055) while the 
distance from the balloon to the diaphragm was 36 cm. The corresponding 
average values obtained at the end of inspiration were 35 cm. and 32 cm., respec- 
tively. Since the pressure registered in the manometer should give some indica- 
tion of the pressure being exerted on the vessels of the splanchnic circulation, 
it is evident that the vascular walls are well supported by the intra-abdominal 
pressure. 

Under the influence of radial acceleration the effective weight of the fluid in 
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the manometer and the abdominal organs increased in dhect proportion to the 
applied acceleration. For this reason the linear measurements of the fluid 
column in the manometer, and also the height of the column of abdominal organs, 
were multiplied by the magnitude of the applied acceleration in g’s (figure 2). 



DISTANCE FROM BALLOON 
TO DIAPHRAGM (X IS) 

Fig. 2. Relation of the actl'al intbarectal pressure to the effective height of the 
hydrostatic column of abdominal organs is demonstrated by multiplying the linear measure- 
ments by the magnitude of the radial acceleration in g. Line E represents a regression 
coefficient of ] .0. 

If the effective specific gravity of the abdominal organs were the same as blood 
(1.055) and there were no externally applied pressures (e.g., intrathoracic, muscu- 
lar or from the abdominal bladder), all the points should fall on line E. This 
statement is based on the concept that under these conditions the abdomen and 
the manometer would be equivalent toja U tube filled with fluid so that the level 
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of fluid in the two arms would be equal even during acceleration. Line A 
connects the mean values for the series of determinations obtained without 
pressure at the end of expiration. Line B represents the effect of insph’ation in 
subjects without pressurization. Lines C and D indicate the results obtained 
with pressure in the suit at the various levels of g with e.xpiration and inspiration, 
respectively. With pressurization of the suit most of the values fell above line 
E, indicating that the pressure in the abdomen wrs sufficient to support a column 



Fig. 3A. Linear distance from the base of tlie fieart to the base of the brain during 
inspiration and expiration at various levels of acceleration. The black areas represent 
the reduction in the heart-skull distance resulting from pressurization of the anti-blackout 
suits. 

Fig. 3B. Arterial pressure at heart level required to elevate blood to the base of 
the skull under the influence of positive g. The black areas represent the protection 
provided by the anti-blackout suit due to elevation of the heart and reduction in the heart- 
brain distance. 

of blood from any point in the splanchnic reservoir to a level above the diaphragm 
without a contribution by the vascular w'alls. The effect of pressurization of the 
suit w'as slight considering the fact that the applied pressure amounted to 62 
mm. Hg per g or more than 200 mm, Hg at 5 g. It is difficult to assess just how 
much influence pressurization might have on venous return or blood pressure at 
heart level. 

In accordance with the method illustrated in figure 1, the distance from the 
junction of the right auricle and ascending aorta (or superior vena cava) to the 
base of the skull wrs measured on each roentgenogram. The values obtained 




HYDROSTATIC PRESSURES IN' RADIAL ACCELERATION 


465 


from each subject -with and mthout pressurization of the suit and at the two 
phases of respiration are diagi-ammatically presented in figure 3A. As in the 
case of the hydrostatic pressure in the abdomen, it is necessary to multiply these 
values by the magnitude of the applied acceleration to arrive at a figure which 
repi’esents the pressure required to support such a column of fluid. Further, a 
correction was applied which transposed these values from centimeters of blood 
to millimeters of mercury. The results of these procedures are presented in 
figure 3B. These data allow the assignment of specific values for this series of 
subjects for both the minimum pressure required to elevate blood from the heart 
to the brain and a measure of the improvement in g tolerance provided by anti- 
blackout equipment due to reduction in heart-brain distance. At 5 g the reduc- 
tion in heart-brain distance by means of the anti-blackout equipment produced 
an average decrease of 11.7 mm. Hg in the pressure at heart level required to 
support the blood to the base of the skull. Since this represented roughly half 
the pressure required to support such a column of blood at 1 g, this factor pro- 
vided about 0.5 g protection. It is interesting to note that the protection pro- 
vided by the abdominal bladder alone has been reported to be 0.7 g (1). 

Spirometer records of the respiratory activity during the experiments revealed 
that, during acceleration without pressurization of the suit, the base line at ex- 
piration shifted from the control base line due to an increase of air within the 
lungs of about 200 to 600 cc. This finding tended to confirm the observation 
that the diaphragm assumes a low^er position in the chest under these conditions. 
On the other hand, there w^as a reduction of similar magnitude in the quantity 
of the air in the lungs when pressure was applied to the suit. There w^as marked 
variability between subjects although repeated runs on the same subjects were 
fairly consistent. Further studies of this phenomenon have been initiated by 
other investigators in the laboratory. 

DISCUSSION 

A review’^ of the stages in the development of anti-blackout equipment has 
been presented by Wood et al. (1). The importance of the role of pressure ap- 
plied over the anterior abdominal wall in improving tolerance to g was universally 
recognized and led to a series of experiments designed to clarify the nature of the 
intra-abdominal pressure and its reponse to positive radial acceleration-wdth and 
without pneumatic anti-blackout suits (2, 3, 4). The intra-abdominal pressure 
was found to be primarily a hydrostatic type of pressure produced by the column 
of moveable abdominal organs. Measurements of the intrarectal pressure 
proved reliable in obtaining information concerning the magnitude and changes in 
the pressures wothin the peritoneal cavity. The venous pressure was believed to 
be partially balanced by the intra-abdominal pressure so that the vein w^alls 
should be required to support only a fraction of the venous pressure present at 
any level in the abdomen. During exposure to positive radial acceleration on the 
human centrifuge, the intrarectal pressure increased in proportion to the magni- 
tude of the applied force. However, the slope of the curve indicated that the 
height of the column of abdominal organs was progressively reduced with in- 
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creasing amounts of centrifugal force. This was attributed to protrusion of the 
anterior abdominal wall with descent of the diaphragm in the trunk (3, 4). The 
application of pressure to the anterior abdominal wall appeared to restore the 
diaphragm to its normal level or above as judged 1 ) 3 ’- the response of the recorded 
intrarectal pressure. Clark and Jorgenson (5) reported an increase in tolerance 
in relaxed subjects following ingestion of food and fluid which was associated with 
an increase in the levels of intrarectal pressure during acceleration. Further, 
they provided confirmatory evidence of the hydrostatic nature of the intra- 
rectal pressure response and noted a marked increase in these pressures asso- 
ciated with voluntaiy self-protective maneuvers, particularly when anti-blackout 
suits were used (6). 

Lambert and Wood (7), recording pressures from the radial artery supported 
at the level of the third interspace at the sternum, found that systolic pressure 
at that level decreased by 4 mm. Hg per g while the diastolic pressure tended to 
remain unchanged. In subjects wearing pneumatic anti-blackout suits, the 
systolic and diastolic pressures were higher by 8 and 5 mm. Hg per g, respectively 
(8). The fall in arterial pressure at head level was much greater, apparently due 
to the increase in effective weight of the column of blood extending from the base 
of the heart to the base of the brain. 

Thus available evidence indicated that during expostire to positive g, the 
splanchnic vessels are quite well supported by the intra-abdominal pressure, 
the diaphragm (and presumably the heart) are depressed within the thorax, the 
arterial blood pressure at heart level is somewhat reduced and that the most 
important factor in the reduction in arterial pressure at head level is the height of 
the column of blood extending from the heart to the brain. 

The protection provided the circulation by the peneumatic anti-blackout 
suits seemed to depend upon a relatively small generalized increase in intra- 
abdominal pressure (Avith augmented venous return) and elevation of the 
diaphragm (and heart) and reduction in the heart-brain distance, plus the in- 
creased peripheral resistance 'and reduced blood content of the lower extremities 
resulting from pressure applied to the legs. 

The present study provides confirmatory evidence for some of the concepts 
of the mechanism of action of anti-blackout suits, but requires re-evaluation of 
others. For instance, the data speak eloquently for the concept that the intra- 
rectal pressure reflects a hydrostatic type of pressure resulting from the 
mass of the abdominal organs. The protection provided by this pressure against 
pooling within the splanchnic vessels both under normal conditions and during 
exposure to radial acceleration appears to be remarkably complete. Plotting the 
intrarectal pressure against the height of the h 3 '^drostatic colunrn of abdominal 
organs (fig. 2) failed to disclose any significant progressive fall in intrarectal 
pressure below predicted levels with increased amounts of acceleration as pre- 
viously reported (3, 4). This is in accordance with the concept that this fall 
had resulted primarily from the descent of the diaphragm, reducing the hydro- 
static column of abdominal organs. Contrary to the previously reported opinion 
(3, 4) that the changes produced by the pressurization of the abdominal bladders 
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to the extent of one pound per g might be explained solely in terms of elevation 
of the diaphragm, there appears to be an additional increase in intrarectal pres- 
sure associated with stretching of the diaphragm. When an external pressure of 
62 mm. Hg (1.18 pounds) per g was applied to the abdomen, the average increase 
in intrarectal pressure ranged between 6 and 10 mm. Hg per g. Of this, about 
one third appears to be the result of elevation of the diaphragm. 

The venous return from the splanchnic circulation should be significantly 
increased by the anti-blackout suit on the basis of the results illustrated in figure 

2. The limitation on the amount of pressure applied to the abdomen in anti-g 
suits has been the discomfort produced. The results of this study indicate that 
this discomfort is most likely to be the result of excessive tension applied to the 
diaphragm. 

At 5 g the use of the anti-blackout suit reduced the average distance from the 
base of the heart to the base of the skull by 3 cm. This results in a reduction in 
the blood pressure at heart level required to elevate blood to the brain amounting 
to about 11 m m . Hg and is roughly equivalent to 0.5 g protection from this 
source alone. Wood and Lambert (8) reported an increase in arterial blood 
pressure at the third interspace of 5 to 8 mm. Hg per g from the use of anti- 
blackout equipment. A significant fraction (| to j) of this improvement appears 
to be due to a shift in the position of the heart to a higher level in the chest, 
which could not be detected using a fixed external reference point. 

It should be noted that in this series of experiments the subjects wore well- 
fitted anti-blackout suits on all runs. For this reason, it constitutes a com- 
parison of conditions Avith and without pressurization of the pneumatic bladders. 
The suit itself may prevent, to some extent, anterior displacement of the anterior 
abdominal wall. For this reason the changes observed may not be as great as 
might be obtained if the effects of pressurization of anti-blackout suits were 
compared with those produced without any abdominal support. 

SUMMARY 

1. Roen^enograms were obtained of the head and trunk of subjects exposed 
to positive radial acceleration with and without pressurization of peneumatic 
anti-blackout suits. In this way measurements of the changes in the height of 
the hydrostatic column of abdominal organs, in the intrarectal pressure and in 
the distance from heart to brain have been obtained. 

2. The diaphragm is depressed during exposure to radial acceleration and 
elevated above its normal level by pressurization of the abdominal bladder wth 
a pressure of 1.2 pounds per g. 

3. In addition to the changes in position of the diaphragm, pressurization of 
the anti-blackout suit increased the overall intrarectal pressure by an amount 
sufficient to support a column of blood from any point in the abdomen to a level 
above the diaphragm without a contribution by the vascular walls. 

4. The overall increase in intrarectal pressure appeared to be produced by 
increased tension or stretching of the diaphragm. 

5. The distance from the base of the heart to the base of the skull was reduced 
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by an amount sufficient to provide a protection of about 0.5 g during exposure to 
5 g. 

6. In addition to this mechanism for protection there is probably an increase 
in blood pressure at heart level to account for the remainder of the protection 
produced by the anti-blackout equipment. 
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It is -well known tLat asphyxia causes an increase in the concentration of 
plasma potassium (5, 8, 10, 13). Mullin, Dennis and Calvin (13) have shonm 
that this is due to anoxia rather than to high CO 2 but Cattell and Civin (4) 
have reported some preliminary experiments showing that high CO 2 (10%) 
may also mobilize potassium. The experiments reported here were undertaken 
to extend this finding by testing the effect of 30 or 40% CO 2 in O 2 . The general 
effect of such mixtures has been studied by Seevers (15). In brief it may be 
stated that the initial effect on chculation and respiration is dramatic but the 
animals become rapidly adapted to the lowered pH and live in apparently good 
condition for many hours. In pre^dously unanesthetized animals such high 
CO 2 mixtures have a narcotizing effect and can even be used successfully for 
surgical anesthesia. 

METHODS 

Normal cats. Full-grown, healthy cats were anesthetized by intraperitoneal 
injection of 0.75 ml/kgm. of dial. A cannula was introduced into the trachea, 
and both of the carotid arteries were exposed for the withdrawal of blood sam- 
ples. The animals was attached by the tracheal cannula to a respiratory re- 
cording apparatus. A gas mixture of approximately 35% CO 2 in oxygen was 
made up for each experiment. The actual CO 2 values ranged from 32 to 38% 
CO 2 , the average for all experiments being 34%. This CO 2 -O 2 mixture was 
stored in a large spirometer from which it passed through a one-way water valve^ 
as the cat inspired. The cat could be switched easily to breathing room air by 
means of a T-tube and a clamp in the inspiratory system. The expired air 
passed through a second water valve and was collected in a smaller spirometer 
equipped vdth a scale which could be read clearly at frequent intervals. A 
tambour inserted into the expiratory system recorded, by means of pressure 
differences, the frequency of respiration on a slowly revolving kymograph. 
Readings of the expired air spirometer were made eveiy one to 3 minutes, except 
in the period immediately following the change to high CO 2 when the readings 
'were taken every ^ to J minute. Before switching the animal to the CO 2 -O 2 
mixture, a normal period of respiration Avas obtained and a normal blood sample 
was taken. 

' This work was done in part under a contract recommended by the Committee on Medi- 
cal Research between the Office of Scientific Research and Development and the UniAmrsity 
of Rochester. 

- A tube dipping 1 cm. under water through which the air bubbles. 

469 



470 


JOANNA L. MACKAY 


Potassium was determined in duplicate on one ml. of plasma obtained by 
centrifuging 3 ml. of heparinized blood drawn from the carotid artery. The 
method used was that of Shohl and Bennett (16), as modified by Fenn and Cobb 
(7). A few further modifications in technique have been developed over a 
period of years by various members of this department. 

Care was taken to limit the amount of blood wthdrawn to 1.5% of the body 
weight in order to avoid a rise in potassium due to hemorrhage. 

Adrenalectomized cats. Following the operative procedure for normal cats, 
adrenalectomy was performed. The incisions were made below the level of the 
last rib on each side and the adrenal was removed in one piece, after the blood 
supply was ligated and cut. Care was taken to keep blood loss at a minimum. 

A control experiment was done wth an adrenalectomized cat on the res- 
piratory apparatus, but without the administration of CO 2 . The potassium 
level was followed for 5^ hours. Throughout the entire experiment the potas- 
sium level varied only within the limits of 1 mEq/1. This is good evidence that 
the operative procedure caused no large changes in the potassium level over a 
considerable period of time. 

Evisceration technique. After completion of the routine tracheotomy and ex- 
posure of the carotid arteries, a midline abdominal incision was made from the 
xiphoid process of the sternum to the lower abdomen. The intestines were 
gently lifted out and wrapped in gauze wet with warm saline. As rapidly as 
possible the following blood vessels were doubly ligated and cut in the same order 
as they are listed : inferior mesenteric artery, superior mesenteric artery, coeliac 
artery, portal vein. The incision was then closed and the experiment •noth the 
administration of high CO 2 was begun. These animals were, for all practical 
purposes, without intestines, stomach, spleen, pancreas and liver. 

Two operative control experiments showed that the plasma potassium level 
rose about 1 to 1.5 mEq/1. from the preoperative normal sample to the level 
observed an hour after the operation. As a general rule, these animals died in 
about an hour after the operation and the beginning of the high CO 2 , in con- 
trast to the normal and adrenalectomized animals which lived for several hours. 

BESULTS 

Potassium values. The average potassium curves for normal, adrenalec- 
tomized and eviscerated cats are plotted together in figures 1 and 2. The data 
are arranged to show the potassium changes directly after beginning the adminis- 
tration of 34% CO 2 (fig. 1) and the changes occurring when the CO 2 is removed 
(fig. 2). The potassium values for each cat, showing the scatter of values 
averaged to give the points on the graphs, are presented in tables 1 and 2. The 
potassium values were grouped arbitrarily for averaging according to the time 
of the samples. Both the potassium values and the times were averaged to 
give the points on the three curves. It can be seen that the normal cats respond 
to the high COo with an average increase in plasma potassium from 2.89 to 8.32 
mEq/1. This peak is reached in 6.5 minutes from the beginning of the CO 2 - 
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That the dial anesthesia does not cause a marked change in blood potassium in 
cats over a period of 4 to 8 hours has been shown by Cattell and Civin (4). 

The mechanism by which the potassium is liberated into the blood has been 
thought to be due to; o) the effect of CO 2 in stimulating the adrenals which 
release adrenaline; adrenaline then affects the liver to release potassium; and 
b) the direct effect of CO 2 on the liver to release potassium. 

In an attempt to determine whether or not the curves for normal and 
adrenalectomized cats were significantly different, the increments from the 
normal of all potassium values within the fiirst 30 minutes of CO 2 were recorded 
for both groups. These data were then treated statistically and by the critical 
ratio test were shown to have a C.R. of less than 2. By Fisher’s f-test, the 
probability was 0.2 > P > 0.1. This indicates that the data are not adequate 



Fig. 1. Change in peasma potassium in normal, adrenalectomized and eviscerated 
cats breathing 32 to 38% COj in oxygen. 

Fig. 2. Changes in plasma potassium in normal, adrenalectomized and eviscerated 
cats on the return to breathing air after high CO;. 

to prove a significant difference between the potassium responses of normal and 
adrenalectomized cats. 

Following the rapid rise of plasma potassium in the normal cats, there was a 
steady, less rapid decline approaching the pre-COj normal value in about 30 
minutes. In both cases the level maintained after the decline was 0.5 to 0.7 
mEq/1. greater than the original potassium value. 

It will be noted that the normal potassium values before the administration 
of CO 2 were considerably higher for the adrenalectomized group than for the 
normal cats. This was presumably due either to the trauma of the operation 
or more specifically to absence of the adrenals. 

In contrast to the normal and adrenalectomized cats, the groups of animals 
which were eviscerated prior to the administration of high CO 2 did not show the 
characteristic rise in plasma potassium. The average values for all cats show 
almost a straight line, the range of variation being within 0.25 mEq/l. All of 
the experimental points making up the curve fell between 4.0 and 6.0 mEq/1., 
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a very narrow range compared to the other two experimental groups. As in the 
case of the adrenalectomized animals, the normal pre-C 02 potassium value is 
elevated in the eviscerated group. This is thought to be caused by the stimula- 
tion and trauma of the operative procedure (17) although every effort was made 
to keep this at a minimum. 

Table 1 . Plasma polassium changes in cats hrcalhing high COz 


Adrenalectomized 


CAT NO. 1—3.3 KOI. 

1 CAT NO. 2 — 1.2 KGU. 1 

CAT NO. 3—2.0 KCV, 

CAT NO. i — 1.3 KGII. 

CAT NO. S- 

-3.3 KGM. 

Time' 

K! 

Time 

1 

K 

Time 

J 

Time 1 

K 

Time 

K 

-3,0 

3.75 

-1.0 

4.56 

SI 

2.62 

-2.5 

5.46 

-2.0 

4.25 

3.0 

3.75 

5.5 

8.83 


2.69 

3.0 

6.56 

3.5 

7.18 

10.0 

5.94 

18.0 

5.43 

BQ 

4.38 

10.5 

9.62 

10.0 

6.63 

31.0 

3.63 

35.0 

3.50 


3.50 

32.0 

6.37 

22.5 

4.75 

51.0 

3.63 

55.0 

4.80 

1 42.0 

1 

3.32 

52.0 

1 

4.94 

1 

51.5 

1 

6.31 


Eviscerated 


CAT NO. 6—3 1 KGU. 

CAT NO. 7— 

■2.8 KGSI. 

CAT NO. 8—2.4 KGM. 

CAT NO. 9- 

-2.1 KGil. 1 

1 

CAT NO, 10- 

-3.6 KGU. 

Time 

K 

Time j 

K 

Time 

K 

1 

Time 

K 

Time 

K 

-1.5 

5.50 

n 

1 

3.62 

-0.5 

1 

4.75 1 

■a 

4.75 

n 

5.37 

3.0 

4.50 

■SI 

4.62 

3.5 

6.00 


4.50 

mam 

(6.08) 

8.0 i 

4.87 

Bii 

5.37 

16.0 

5.12 

■■1 

4.25 

1 14.0 

4.50 

20.0 

(4.87) 


4.56 

22.0 

5.25 


4.75 

1 24.0 

4.00 

35.0 

(4.87) 

MM 

4.75 

35.0 

(5.25) 

MM 

4.75 

46.0 

4.12 


Normal 


CAT NO. 11—2.9 KGM. 

CAT NO. 12—2.3 KGM. 

CAT NO. 13—1.7 KGM. 

CAT NO. 14—2.3 KCir. 

Time 

I K 

Time 

K 

Time 

K 

Time 

K 

n 

1.72 

-2.5 

2.72 

-7.0 

3.38 

-6.0 

3.75 


2.44 

0.5 

3.34 

1.0 

3.08 

2.5 

4.67 

■SI 

10.95 

3.5 

9.00 

3.0 

6.21 

6.0 

7.13 

■19 

10.00 

15.0 

(6.80) 

19.5 

4.88 

13.0 

6.75 

mam 

5.12 

32.0 

3.62 

32.0 

(4.10) 

32.0 

4.00 

Mmm 

3.56 

50.0 

(3.53) 

45.5 

3.37 

55.0 

3.87 

71.0 

3.00 

63.0 

3.50 

70.0 

(3.83) 

73.5 

4.19 


Values in parentheses were interpolated. 

* Time measured in minutes before (minus) and after (plus) onset of CO 2 breathing. 
^ Potassium values are expressed in mEq/1. 


Figure 2 presents the average potassium values for the three groups of animals 
as the CO 2 was removed. All three curves show an immediate rise in potassium 
concentration of 1 to 2 mEq/1. Some differences might have appeared in a 
more extended recovery period. 

Respiratio7i vdhies. The effect of 34% carbon dioxide in oxygen on the res- 
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piration of normal, adrenalectomized and eviscerated cats is presented in figure 
3. The three upper graphs show the changes in tidal volume while the lower 
three express the changes in minute volume. The normal, highest and lowest 
tidal volumes for all cats were recorded and averaged at suitable intervals. 

Table 2. Plasma potassium changes in cats on removal of COz 


Adrenalectomized 


CAT KO. 1—3.3 KGU. 

CAT NO. 2 — 4.2 KGir. 

1 

CAT NO. 3—2.0 KGil. 

1 

CAT NO. 4- 

- 4.3 KGII. 

CAT NO. 5- 

- 3.3 KGiT. 

lime' 

1 

Time 

1 

K 

i 

Time 

K 

• Time 

K 

1 

Time 

X 

BS 

4.38 

-23.0 

3.50 

-15.0 

3.50 

-14.0 

1 

5.86 


6.31 

Im 

5.00 


4. SO 

-1.0 

3.32 

-2.0 

6.75 

■n 

6.12 

9 . 0 ' 

5.69 

8.0 ! 

6.56 

8.0 

5.13 

6.0 

10.00 

6.0 

7.86 

17.0 

5.79 


(6.56) 

25.0 

4.32 

18.0 

10.75 

16.0 

7.75 


Eviscerated 


CAT NO. 6 - 

- 3.1 KGII. 

CAT NO. 8- 

— 2.4 KGU. 

CAT NO. 9 — 2.1 KGU. 

Time 

K 

Time 

K 

Time 

K 


4.50 

-7.0 

5.12 

-10.0 

4.75 


4.87 

-1.0 

5.25 

-1.0 

5.12 

3.0 

5.50 

4.0 

5.76 

2.0 

6.62 

10.0 

6.61 

9.0 

6.50 

10.0 

1 

(6.62) 


Normal 


CAT NO. 11—2.9 KGU. 

CAT NO. 12 —2.3 KGU. 

CAT NO. 13—1.7 KGU. 

CAT NO. 14—2.3 KGU. 

Time ' 

K 

Time 

X 

Time 

X 

Time 

X 

-31.0 


n 

3.62 i 

-43.0 

3.37 

-20.0 

3.87 

BSI 



3.50 

-2.0 

4.12 

-1.5 

4.19 

Bll 

3.38 

1.5 

3.56 

1.5 

5.37 

5.0 

5.68 

■1 

3.56 

1 

9.0 1 

3.41 

5.5 

5.41 

14.0 

6.68 

CAT NO. 15—2.8 KGU. 

CAT NO. 16 — 1.7 KGU. 

CAT NO. 17—2.4 KGU. 

CAT NO. 18—1.6 KGU. 

Time 

X 

Time 1 

X 

Time 

X 

Time 

X 

n 

2.63 

-41.0 

4.87 

-31.5 

4.56 

-24.5 

4.00 

■Og 

3.31 

-0.5 

5.56 

-0.5 

4.93 

-2.5 

4.43 

3.5 

4.75 

4.5 

5.50 

5.5 

6.63 

4.0 

6.01 

12.5 

4.63 

10.5 

5.25 

10.0 

(6.78) 

1 10.0 

(5.35) 


Values in parentheses were interpolated. 

* Time measured in minutes before (minus) and after (plus) end of CO2 breathing, 
" Potassium values are expressed in mEq./J. 


In normal cats, the tidal volume and minute volume curves shoAving the res- 
piratory changes imder high CO 2 are remarkably similar from one animal to 
another . During the first two minutes on C O 2 the average tidal volume increases 
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145%, while the average minute volume increases about 170%. This respiratory 
stimulation is followed by a depression after 1. 5-2.0 minutes, with both tidal 
and minute volume falling considerably below the normal values. 

After this depression, the tidal volume and minute volume increase and ap- 
proach the same high values reached during the height of the initial stimulation. 
The principal difference between the shapes of the curves is that the tidal volume 
increases more rapidly during the first 20 minutes and begins to level off, while 
the minute volume maintains a stead 5 '- increase. This indicates that the fre- 
quency of respiration must have increased slightlj’" over the period from 40 to 
80 minutes. 



Fig. 3. Average curves showing the effect of breathing 34% COs beginning at zero 
time. The 3 upper curves represent tidal volumes and the 3 lower curves minute volumes 
of the respiration in normal, adrenalectomized and eviscerated cats as indicated. 

The adrenalectomized cats responded to high CO 2 with almost a 200% in- 
crease in tidal volume and 150% increase in minute volume in one to 2 minutes. 
The subsequent depression differs from that of the normal cats in that the values 
do not fail below the normal tidal and minute volumes. The increase in tidal 
volume follondng the depression rapidly approaches the peak value and levels 
off a little below this point. The minute volume follows approximately the same 
course but the rise after the depression is much less, indicating that the frequency 
decreased in the period from 20 to 60 minutes. The minute volume curve also 
indicates that the gradual adaptation to the high CO 2 is not the same in the adren- 
alectomized cats as in the normal cats, since the curve does not show as great 
an increase in minute volume nor does it continue to rise. 
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The respiratory response of the eviscerated cats was similar to that already 
described wdth two important exceptions; a) the respiration record extends for 
only 30 minutes on high CO 2 since the survival period of these animals was short; 
and b) the recoveiy after the depression is much diminished. 

DISCUSSION 

The rise m potassium caused by asphyxia has been attributed to the liberation 
of adi’enaline, since this effect is produced by the injection of adrenaline (1, 2, 
5, 6, 12, 14). It has been shown by Houssay, Marenzi and Gerschman (10) 
that the effect is much diminished when the liver is not available as a source of 
potassium. That this is not the only mechanism is shown by two experiments 
of Cattell and Civin (4) in which the rise in potassium was found to be not sig- 
nificantly altered by adrenalectomy. This suggests that the adrenal hepatic 
mechanism should also be considered as an explanation for the effects of high 
CO 2 . Our experiments with adrenalectomized cats which were designed to test 
this point certainly show that a rise of potassium is obtained with CO 2 in the 
absence of the adrenals. While this effect seems to be somewhat smaller in the 
adrenalectomized animals the variation is such that this result might have oc- 
curred by chance in one out of 10 trials. It must be concluded, therefore, that 
more animals are required to prove that the adrenal-hepatic mechanism is stim- 
ulated by the high CO 2 , although this effect is not improbable. The rise of 
plasma potassium caused by CO 2 is less rapid and more prolonged than that 
caused by the injection of adrenaline, but this may indicate merely a different 
type of stimulation of the same mechanism. 

The fall in potassium which occurs after the initial rise indicates that the COo 
does more than cause a shift in a physico-chemical equilibrium between cells 
and tissues. Otherwise the potassium level would remain high until the CO 2 
also diminished. Apparently the high CO 2 causes a sudden liberation of potas- 
sium into the blood stream, which is then disposed of in the muscles and other 
tissues in the same way as potassium injected intravenously. 

That tissues other than the liver take up some of the liberated potassium in 
its disappearance from the blood is shown by the series of 4 cats in which the 
blood supply of the liver w^as not tied off imtil after the potassium had been liber- 
ated into the blood by CO 2 stimulation. In spite of the absence of the liver the 
potassium level in the plasma continued to fall. Although the experiments were 
not conclusive, this finding is in agreement with Houssay and Marenzi (11), 
w'ho report that the rate of disappearance of injected potassium is not affected 
by the absence of the alimentary canal, liver or Iddney, indicating that the 
muscles are chiefly responsible for the uptake of potassium. 

The wurk of Fenn (9) has shown that w^hen glycogen is laid down in the liver, 
it takes with it both wnter and potassium. WTien glycogen is liberated therefore 
as glucose there should be also an increase in the blood potassium. Some un- 
published data of Fenn, Adler and Enns tend to support this. A mixture of 
35% CO 2 in oxygen was administered to a cat and analyses of potassium, glucose, 
pH and lactic acid w^ere made. -Mter 10 minutes of high CO 2 the glucose wns 
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found to be 157 % and the potassium 137% above the pre-COo level . The glucose 
did not drop as rapidly as the potassium but appeared to stay at a high level 
until the CO2 was discontinued. The pH of the blood as dravm (vfthout loss of 
CO2) fell progressively to 6.74 during the time on CO2 and returned to a pH above 
normal when air was again breathed. The -pH of the same samples equilibrated 
at 5% CO2 shoAved a smaller decrease, probably due to the production of lactic 
acid, which Avas observed to increase progressively. These facts suggest that the 
high CO2 may stimulate the liberation of glucose from the liA'-er glycogen stores 
and that this is incidentally accompanied by potassium. More experiments, 
hoAAwer, are necessary before such a conclusion could be draAAm. 

The curA'^es shoAAong the average potassium changes follcAAing the removal of 
the high CO2 must noAv be considered. Since the rise in potassium AA'^as a small 
one and because it occurs in normal, adrenalectomized and eAuscerated animals 
in approximately the same amount, it seems probable that it is a result of an 
acid-base change. The similarity of the curves for the three groups of animals 
suggests that the potassium must come chiefly from the muscles. 

Working AAath isolated frog sartorius muscles immersed in blood or other solu- 
tions, Fenn and Cobb (7) haA'^e shoAATi that, in the presence of increased CO 2 
tension, potassium shifts from a medium of frog’s blood to the muscle. "Wflien the 
muscles were immersed in Ringer’s solution and a high CO2 tension Avas applied, 
the potassium moA^ed from the muscle to the Ringer’s solution. This evidence 
suggests that under high CO2 potassium tends to move from the better buffered 
medium to the poorer buffered medium. As shoAATi by the CO2 dissociation 
curves the muscles AA'ere intermediate in their buffering ’capacity betAA’-een the 
blood and the Ringer’s solution. Applying these principles to the present e.x- 
periments, one AA^ould e.xpect to find a fall in the plasma potassium on the ad- 
ministration of high CO2 to cats and an increase when the CO2 was removed. 
The latter effect was actually seen (fig. 2) but the initial fall AA^as not seen, prob- 
ably because, if it Avere present, it would have been masked by the rise due to the 
liberation of potassium from the liA’-er. In the eviscerated cats, hoAAnver, where 
potassium did not increase, there was no fall of potassium AA’hen CO2 AA^as applied. 
In support of this idea, on the other hand, is the report of Cattell and Civin (4) 
that during the first minute of asph 3 rxia in cats, the serum potassium consistently 
falls, the average amount being 2 mgm. per 100 ml. of serum. This occurs just 
before the characteristic potassium rise. It may be that the more gradual ac- 
cumulation of CO2 gives time for the fall to be seen before it is masked by the rise 
in potassium due to the liver. The small rise in potassium on the removal of 
CO 2 can then be explained as the reverse process, a movement of potassium from 
the muscles to the plasma AAdth the decrease in CO2 tension. 

The similarity in the shape of the tidal and minute volume curves indicates 
that there is little change in frequency of breathing. As a general rule in all three 
groups of cats, the frequency diminished slightly at the peak of the stimulation 
and increased slightly at the depth of the depression. During the period of 
recovery and adaptation, the frequency decreased again to a value slightly less 
than that at the height of stimulation. 
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The initial stimulation of the resph-ation gives Avay to depression as the CO 2 
passes froiri the excitatory to the narcotic level. The principal differences seen 
in the normal, adrenalectomized and eviscerated curves are in the recovery 
follovdng the immediate stimulation and depression. The slow increase in 
respiration after the depression, gi-adually approaching the peak value, appears 
to reflect some physiological adaptation to the high CO 2 . In the adrenalecto- 
mi^ed animals the minute volume shows less of an increase following the depression 
and in the eviscerated animals, still less. This lack of ‘adaptation’ to the high 
CO 2 may be connected vdth the short suiwival of the operated animals, especially 
in the latter group. 


SUMMARY 

1. Normal anesthetized cats breathing an average of 34% CO 2 in oxygen 
showed a rapid rise in plasma potassium, reaching a peak in 5^ minutes and then 
gradually returning to near normal in about 30 minutes, while the CO 2 was being 
continued. 

2. Adrenalectomized cats breathing high CO 2 showed a similar but smaller 
rise. This difference in the size of the response may or may not be significant. 
This suggests but does not prove the participation of the adrenal-hepatic mech- 
anism in the CO 2 effect but indicates- definitely that some other mechanism must 
also be involved. 

3. Cats which were eviscerated prior to the administration of CO 2 showed no 
rise in plasma potassium when given an average of 34% CO 2 in oxygen. 

4. On the removal of CO 2 , normal, adrenalectomized and eviscerated cats 
show a small rise in plasma potassium, probably released from the muscles to 
maintain the acid-base balance. 

5. In all the cats the high CO 2 caused an initial stimulation of respiration, 
followed by a sudden depression as the CO 2 passed from the excitatory to the 
narcotic level. The height of the stimulation and the depth of the depression 
usually occurred vdthin about 5 minutes on CO 2 . Thereafter the respiration 
gradually increased, approaching the stimulation peak value in the case of the 
normal cats. Neither the adrenalectomized nor the eviscerated cats showed 
such a remarkable increase in the respiration, as measured by minute volume after 
the depression, though the adrenalectomized cats did show a very large increase 
in tidal volume. 

The author wishes to express sincere appreciation to Dr. W. 0. Fenn for his untiring 
interest, patient guidance and helpful criticisms throughout this work. 
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The limits of 3% carbon dioxide and 17% oxygen in ambient air have been 
accepted in the American Submarine Service as compatible with efficient per- 
formance of personnel for extended periods of time. Although considerable 
experimental data have accumulated on the influence of carbon dioxide on res- 
piration (1-4), the investigations, with the exception of those of Miller (5), have 
been limited to short-term exposures. Furthermore, other than the studies of 
Case and Haldane (6), little attempt has been made to correlate the changes in 
respiration caused by combined oxygen deficiency and carbon dioxide excess 
with psycho-physiological functions. 

With respect to the oxygen saturation of blood, the prime consideration is 
not the partial pressure of oxygen in ambient air, but the much lower alveolar 
oxygen pressure. If the lungs could be more effectively ventilated, it should be 
possible to raise the alveolar oxygen pressure to levels approaching that in the 
ambient air. The problem is to determine the carbon dioxide concentration in 
the ambient air that will bring about maximal pulmonary ventilation vdthout 
undue physical impairment. This will permit the alveolar oxygen pressure to 
approximate the partial pressure of oxygen in ambient air. 

TEST PROCEDURES 

General 

In six experiments of 35 to 72 hours’ duration, groups of 4 to 77 male subjects 
(age range 18 to 45 years) occupied sealed steel chambers which allowed a free 
air space of approximately 500 cu. ft. per man. The first experiment was an 
indoctrination mn. In the second experiment of 52 hours’ duration (4 subjects) , 
the exhaled carbon dioxide was not absorbed and oxygen was not replenished. 
In the third experiment (4 subjects), carbon dioxide likewise was not absorbed 
but the ambient oxygen was not permitted to fall below 19%. In the fourth 
experiment of 72 hours’ duration (4 subjects), carbon dioxide in excess of 5% 
was absorbed; oxygen was not replenished. In experiments 5 and 6, the carbon 
dioxide in excess of 5% was again absorbed; oxygen was not replenished. In 
experiment 5, 37 men breathed recirculated air for 60 hours and in experiment 
6, 77 men were subjected to similar conditions for 50 hours. 

■ The material in this artiele should be construed only as the personal opinions of the 
writers and not as representing the opinion of the Navy Department officially. 
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In the first four experiments an Effective Temperature of approximately 85° 
was maintained to simulate hot tropical conditions vdth a diy bulb of 90° F. 
and a relative humidity of 75%. In experiment 5, the Effective Temperature 
averaged 75° with a dry bulb of 80° F. and a relative humidity of 65%; in experi- 
ment 6, the Effective Temperature averaged 59°, with a diy bulb of 60° F. and 
a relative humidity of 90%. 

Biochemical, physiological and psychological measurements and observations 
were made. The following daily schedule was followed in the first four experi- 
ments and slight modifications were made in experiments 5 and 6. 


0800-1030 psj'chological tests 
1030-1130 physiological tests 
1130-1200 biochemical tests 
1200-1400 lunch — rest period 


1400-1800 test program repeated 
1800-2000 dinner — rest period 
2000-2400 lost program repeated 
2400-0800 sleep period — breakfast 


Biochemical 


In the early experiments, blood was dravTi from the brachial artery. Due to 
the frequency of needle insertion as well as technical difficulties, samples of 
‘arterialized’ venous blood were dravm in the later experiments. These ivere 
obtained by immersing the hand in hot water (45°C.) for 20 minutes and vith 
the hand still immersed, draving blood from one of the dorsal veins of the hand 

(7) . Blood obtained in this manner was used for gas analysis in lieu of arterial 
blood. 

Alveolar air samples were taken according to the technic described by Dill 

(8) . All subjects were trained for several days before the start of the experi- 
ments to insure proper sampling teclmic. 

The plasma pH was calculated by means of the Henderson-Hasselbalch equa- 
tion from data obtained from analysis of alveolar air and arterial blood or ‘ar- 
terialized’ venous blood (9, 10). 


Physiological 

The following measurements were made in the course of the experiments: 
pulse rate, blood pressure, body temperature, pulse rate response to exercise and 
respiratory rate and minute volume. The observers followed a strict routine in 
making all measurements in order to reduce to a minimum the variability in 
data usually obtained with inexperienced subjects. During a typical test pro- 
cedure, the subject reclined quietly for 15 minutes, after which the pulse rate, 
blood pressure and body temperature were obtained. He was next allowed to 
assume a sitting position while the respiratory measurements were made. Fi- 
nally, he engaged in light activity for the purpose of recording response to 
exercise. 

Pulse beats were counted for 30 seconds. Blood pressure was measured by 
auscultation, the diastolic pressure being taken at the point of sound disappear- 
ance. Pulse pressure was computed as the difference between systolic and 
diastolic pressures. Body temperature was obtained with standard clinical 
thermometers, rectal temperatures being employed in the first four experiments, 
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and oral temperatures in the last two. To obtain the respiratory data in the 
first four experiments, expired air was collected by means of a face mask con- 
nected to a Tissot spirometer; dry gas meters were employed in experiments 5 
and 6 in place of spirometers. The respiratory rate was counted for a full min- 
ute and minute volume Avas measured for a period of 5 minutes. Exercise 
response was evaluated on the basis of performance in the step-up test (11). 
For this test the subject stepped up and down, using the same leg, on an 18- 
inch box, 20 times in 30 seconds, pulse counts being made immediately after 
and two minutes after cessation of exercise. A ‘cardiovascular score’ was com- 
puted by the formula (11): 

C.V.S. = (5" to 20" pulse count) plus (1'45" to 2T5" pulse count). 

Psychological 

Fourteen different tests were used in the psychological battery. Principles- 
Avhich guided the selection of tests were: that test procedures cover a Avide range 
of functions; that tests have high enough reliability to make possible ‘an evalua- 
tion of individual performance; and that tests be used that AA^ere loiown to be 
satisfactory as criteria of anoxia. The functions tested were: 

Vision. Foveal flicker frequency Avas measured as one significant aspect of 
central photopic vision (12). The dark-adapted form-acuity threshold was 
measured Avith a T-shaped test object similar to that of the Navy radium plaque 
adaptometer (13). 

Audition. Measures AA'^ere made of the ability to discriminate differences in 
pitch and loudness (14), and of the absolute auditory threshold over a Avide 
range of pitch. 

Equilihrium. Ability to stand still and erect Avas measured by recording 
anterior-posterior body sway Avith eyes open and closed (15). Ability to main- 
tain balance during movement was measured by requiring the subject to walk 
a one-inch rail Avithout shoes (15). 

Hand-arm steadiness. This was measured by the ability to keep the end of a 
rod in a fixed position. 

Eye-hand coordination. Two tests of this function were used: the Koerth 
pursuit rotor, which requires a smooth continuous pattern of movement for one 
hand; and a complex tapping test, which requires irregular and non-symmetrical 
movement of both hands simultaneously (16). 

Strength. A Smedley hand djmamometer was used, foUoAving a procedure 
that requires steadily increasing outputs of energy to the point where the sub- 
ject is no longer able to improve (17). 

Symlolic functions. Three paper-and-pencil tests were used: the Johnson 
Code Test, Avhich requires continuous application and attention in a series of 
letter-for-letter translations (18); the computation test, AA'hich is a series of mixed 
addition and subtraction problems (18); and the number-checking test, which 
requires the comparison of pahs of numbers to detennine whether they are alike 
or different (19). 

Except in experiment 6 and on one test in experiment 5, all subjects had ex- 
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tended practice on the tests before the experiments began, in order to minimize 
the effect of rapid learning and irregular adaptation to test conditions. Control 
of motivation was not possible, but there was reason to believe that motivation 
was relatively high and constant. The subjects knew the purpose and nature of 
the research and knew' approximately, if not exactly, how well they were doing 
on each test. There were no special rewwds or inducements to good performance 
but a general social facilitation and normal competitive spirit developed among 
the subjects; i.e., morale w'as judged to be good. 

EXPERIMENTAL DATA AND DISCUSSION 

General 

The cost of maintaining adequate oxygenation of hemoglobin when the ambient 
oxygen is as low' as 12% and carbon dioxide as high as 5% is an approximate 
2|-fold increase in minute breathing volume, a rise in pulse rate of approximately 
10 beats per minute, some impairment in specific sensorimotor performance, 


Table 1. Summauj of conditions to which the subjects were exposed 


i 

EXPERIMENT 

number 

i ! 

NUMBER OF MEN 

i 

' DURATION 

1 

, i 

1 HIGHEST CO.' 

LO«XST Ol 

HOUR -WHEN 

1 .VMBIENT CO' 

1 approached 5 ^c 


1 

1 hrs. 

1 per cent 

1 

per cent \ 


1 

1 1 

34 

5.95 

14.18 

29 

2 

4 1 

52 

6.54 

13.45 

34 

3 


51 

6.75 

19.22 

37 

4 

4 

72 

5.42 

10.45 

! 32 

5 i 

37 

I 60 1 

5.27 

12.21 

34 

G 

77 i 

1 50 i 

5.18 

13.21 ! 

1 

• 

34 


headache affecting 20% of the personnel, and occasionally nausea. Thi’oughout 
all experiments involving 130 man exposures, only three men were removed from 
the closed spaces. One of these men showed apprehension; another, exhaustion; 
and a third, a steadil 3 ' increasing blood pressure. At no time were these men 
in a critical condition. 

The period immediately following inhalation of outside air may be attended 
by transient dizziness and headache. Observers exposed periodically for one to 
two hours to the recirculated compartment air repeatedly developed headaches 
and experienced a transient taste and smell of ammonia upon leaving the com- 
partment. However, the apparently complete recovery of both subjects and 
observers was rapid. 

The data (table 1) show' that the highest carbon dioxide concentration was 
6.75%, the low'est oxygen concentration 10.45%. Although these concentra- 
tions were tolerated, the symptoms of headache and respiratory difiBculty, 
especially during physical effort, sharply increased whenever the carbon dioxide 
rose appreciably above 5%. 

Special significance is attached to experiment 3 in W'hich the oxygen was main- 
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tained at a level approaching normal although the carbon dioxide was permitted 
to approach 7 %. In this experiment it was foimd that measurable improvement 
over the performance in other experiments did not result from the added oxygen. 

The remarkably consistent values of carbon dioxide output per man, of 0.326 
1/min. STP (0.69 cu. ft/hour) and oxygen consumption 0.387 1/min. STP (0.82 
cu. ft/hour), agree <witb those obtained by previous investigators in tests per- 
formed during and subsequent to the first World War. 

It is noteworthy that the alveolar carbon dioxide pressure, respiratory minute 
volume, and pulse rate show very little change until the atmospheric carbon 
dioxide approaches the 3% level. Above the 3% level, these functions begin to 
increase rather sharply. 

Biochemical Data 

Ambimi carbon dioxide and oxygen concentrations. In experiment 3, the car- 
bon dioxide rose to a value of 6.75 at the end of 51 hours but the oxygen was 
maintained at a level of 20% ±0.8 during this period (fig. 1). In experiment 4, 
carbon dioxide absorption was begun at the end of 45 hours to maintain the 
carbon dioidde level at 5% until the termination of the test at the end of 72 
hours. Oxygen was not added and the concentration fell to 12.8% during the 
56th hour where it remained for several suceeding hours (fig. 2). At this time, 
nitrogen was added at a constant rate to compensate for outboard leakage. In 
experiments 5 and 6, carbon dioxide absorption was begun during the 35th hour 
when the concentration reached 5% and continued for 25 and 15 additional 
hours, respectively (fig. 3, 4). 

Comparison of values of ambient with alveolar carbon dioxide and oxygen con- 
centrations. As a result of the increased ventilation, the oxygen percentage in 
the lungs during the rebreathing of air falls at a slower rate than it does in the 
ambient air. The difference between ambient and alveolar oxygen pressures 
(Ap02) varies from 40 to 52 mm. Hg at the beginning of the tests and declines 
steadily to values ranging from 11 to 19 mm. Hg at the conclusion of the experi- 
ment (table 2, fig. 5). The difference between alveolar and ambient carbon 
dioxide (ApCOe) diminishes similarly from about 42 mm. Hg (chamber open to 
outside air) to about 10 mm, Hg when the ambient carbon dioxide reaches 46 
mm. Hg (exp. 2, table 2). 

Effects of high carbon dioxide concentrations on plasma pH and carbon dioxide 
content. The plasma pH values (table 3) indicate a slight increase in acidity, 
7.44 to 7.38 in one experiment and 7.40 to 7.38 in another, when the carbon 
dioxide of the ambient air increased from 0.03% to 5%. Plasma carbon dioxide 
increased from 58.6 to 59.5 vols. % in one experiment, and from 58.2 to 64.6 vols. 
% in another. These changes may be classified as slight and are at variance 
with the results obtained by Miller (5). They further illustrate the remarkable 
role played by hyperventilation in protecting the body against the accumulation 
of carbon dioxide in the presence of high ambient concentrations of this gas. 

Oxygen concentrations in ambient and alveolar air and the corresponding equiv- 
alent altitudes. An ambient oxygen pressure of 100 mm. Hg without increased 
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carbon dioxide in the air is associated wth an alveolar oxygen pressure of 58 
mm. Hg. Corresponding values are found at simulated altitudes of 10,000 feet 
(20). The same ambient oxygen pressure (100 mm. Hg), however, in combina- 
tion with 5% carbon dioxide in air is associated with an alveolar pressure of 86 
mm. Hg. This value corresponds to a simulated altitude of but 4000 feet (fig. 6), 
Effects of carbon dioxide on oxygen saturation of blood. The percentages of 
oxj’-hemoglobin in two experiments (4 and 5) when carbon dioxide in ambient 



Fig. 1. Experiment 3, the rise in CO 2 maintaining constant O 2 during 52 hours recircu- 
lation of compartment air. 

Fig. 2. Experiment 4, the rise in CO 2 and fall in O 2 during 72 hours recirculation of com- 
partment air. During the 65th hour nitrogen and some carbon dioxide was introduced into 
the compartment. 

Fig. 3. Experiment 5, the rise in CO 2 and fall in O 2 during 60 hours recirculation of com- 
partment air. 

Fig. 4. Experiment 6, the rise in CO 2 and fall in O 2 during 50 hours recirculation of com- 
partment air. 


air is 5% show considerable elevation over percentages expected in the absence 
of CO 2 when the oxygen pressure in inhaled air is reduced (table 3, fig. 7). These 
relatively high saturation values are due to the maintenance of a high alveolar 
oxygen pressm-e (table 2) resulting from hyperventilation. In association with 
an ambient carbon dioxide pressure of 36 mm. Hg an oxygen pressure of 72.5 
mm. Hg (corresponding to that at a simulated altitude of 17,000 feet) saturates 
hemoglobin 87% (fig. 7). In the absence of carbon dio.xide in the inhaled air, 
the saturation of hemoglobin would have been of the order of 76%. However, 
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on the basis of the data submitted no further gain in alveolar oxygen or hemo- 
globin saturation is to be expected by increasing the ambient carbon dioxide 


Table 2. Effects of increased ambient carbon dioxide on alveolar air 




Eest 0.03 20.94 0.2148.8 

19 3.0717.53 22.2122.71 6.38112.73 

31 4.3215.50 30.7110.0 

54 4.9812.83 35.2 90.81 6.88110.231 48.51 72.1 

I 


* ApCO- and ApO: are defined as the difference between ambient and alveolar pO- or 
pCO;. 


above 36 mm. Hg. An increase of carbon dioxide beyond 36 mm. Hg failed to 
decrease Ap 02 and a level is reached where the law of diminishing returns applies 
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Fig. 5. Effects of carbon dioxide on alveolar air at various oxygen concentrations. 


-Table 3. Effects of increased ambient carbon dioxide on gas equilibria in blood 
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Fig. 6. Effects of carbon dioxide on oxygen pressure in alveoli at various ambient oxygen 
concentrations. 
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Fig. 7. Effects of carbon dioxide on oxygen saturation of hemoglobin at various ambient 
oxygen concentrations. 
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Physiological Data 

High concentrations of carbon dioxide in the ambient air impose a physiological 
stress by raising the alveolar carbon dioxide pressure and thereby reducing the 
pressure gi-adient which is so favorable to the unloading of this gas from the 



Fig. 8. Effects of carbon dioxide on mean respiration rate, tidal and minute volume. 
Experiment 3 = A, 4 = x, 5 = O, and 6 = •. 

pulmonary blood. Hence with heightened alveolar carbon dioxide pressure, it 
can be assumed that the amount of carbon dioxide unloaded from each unit of 
blood passing through the alveolar capillaries is reduced. To overcome the 
barrier imposed by the high ambient carbon dioxide the organism responds by 
increasing pulse rate, respiratory rate and tidal volume. The pulse rate response 
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is probably indicative of an increased cardiac output which augments the rate of 
carbon dioxide transport from the tissues to the lungs, while the respiratory 
response ensures a more effective removal of carbon dioxide from the alveoli. 

Respiraiion. The most prominent physiologic response to the altered oxygen 
and carbon dioxide concentrations was the change in respiration. In the course 
of each experiment, the respiratory rate and the tidal volume approximately 
doubled and the minute volume was two to three times its normal value (figure 8). 
It was found that an increase in normal ventilation minute volume of over 300% 
can be maintained for many hours without serious or persistent effects. Some 
subjects complained of soreness of the respiratory musculature at the end of the 
experiments but this symptom disappeared within one or two days. 

The increase in respiratory minute volume produced by 3% carbon dioxide 
was of the order of one and a half times normal, compared with a two - to tliree- 
fold increase brought about by 5% carbon dioxide. 

Pidse rate: A characteristic mean increase of approximately 10 beats per 
minute over the normal resting rate occurred when the carbon dioxide concen- 
tration reached 5% (fig. 9). That this increase was in response to the increased 
carbon dioxide pressure rather than to the lowered ambient oxygen pressure was 
proved by experiment 3, in which the rising carbon dioxide concentration was 
accompanied by a similar rise in pulse rate, although the oxygen concentration 
was maintained between 19 and 21%. Figure 9 also shows an approximate 
difference of 10 beats per minute at equivalent carbon dioxide concentrations 
between experiments 3 and 4, and 5 and 6. This difference is attributed to 
effect of temperature on pulse rate. Experiments 3 and 4 were carried out at 
Effective Temperatures of 85 and 88°, and experiments 5 and 6 at 75 and 60°, 
respectively (fig. 1-4). Regardless of the effect of temperature on pulse rate, a 
rise always accompanied an increase in carbon dioxide concentration. 

Pulse rate response to exercise paralleled the increase in carbon dioxide (fig. 9). 
This finding, as in the case of the resting pulse rate, cannot be attributed to 
the decreased ambient oxygen pressure. It will be noted that in experiment 5 
there was a sharp rise of about 8 points in the C. V. S. obtained two hours after 
the chamber was opened and ventilation with outside air started (recovery 
point)-. In other experiments the C. V. S. was not ascertained until 6 to 9 
hours after exposure to outside air. It appears therefore that the exposure to 
outside air results in a rise in the C. V. S. (two-hour measurement) followed by a 
fall to pre-experimental level at the end of 6 to 9 hours. Explanation of this 
rise is difficult, but it can be said that the return to outside air was the most 
drastic change to which the subjects were exposed, and which in part is reflected 
by the increased pulse rate response to exercise. 

Blood pressure. There were no characteristic changes in blood pressure (fig. 
10). In two of the experiments, both the sj^stolic and diastolic pressures showed 
a tendenc}’- to increase but pulse pressure did not change. 

Body temperature. Rectal and oral temperatures require separate considera- 

- The period of re-exposure to outside air. 
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tion (fig. 11). In experiments 3 and 4, involving few subjects, rectal tempera- 
tures were taken, while in experiments 5 and 6 convenience dictated the use of 
oral thermometers. In the control obseiwations oral temperatures were, as has 
been commonly observed, roughly one-half degree lower than rectal temperatures. 
In experiments 3 and 4, the rectal temperatures rose Avithin 5 to 10 hours after the 



Fig. 9. Effects of carbon dioxide on mean pulse rate and cardiovascular score. Experi- 
ment 3 = A,4 = x, 5 = O and 6 = • . 

Fig. 10. Effects of carbon dioxide on mean systolic and diastolic pressure. E.xperiment 
5=0 and 6 = • . 

Fig. 11. Mean oral and rectal temperatures and compartment Effective Temperatures. 
Experiment 3 = A, 4 = x, 5=0 and 6 = •. 

start of an experiment to higher levels and dropped almost as rapidly at the 
close of an experiment. This rise is attributed to the high Effective Tempera- 
tures of the experimental chamber (88 and 85°). On the other hand, experiment 
5 (Effective Temperature, 75°) and experiment 6 (Effective Temperature, 60°) 
imposed a heat conservation problem as indicated by the considerable decrease 
in oral temperature. The subjects were inadequately clothed, particularly in 
ex-periment 6, and felt cold. The fall in oral temperature may in part be due to 
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mouth breathing which many subjects foimd necessary at high ambient carbon 
dioxide concentrations as well as to the increased heat loss due to hyperventila- 
tion. 


Table 4. Subjective symptoms with respect to the subjects, recorded as a fraction 
{personnel affected /personnel interviewed) 
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2.4 

18.3 

1/16 

0/16 

3/16 


1/16 

0/16 


16/16 

0/16 


19 

2.8 

17.7 

1/35, 

0/35 

0/35 


3/35 

0/35 


31/35 

4/35 


23 

3.3 

17.3 

1/17 

0/17 

1/17' 


0/17 

0/17 


17/17 

0/17 


27 

3.9 

16.5 

0/17 

3/17 

4/17 


1/17 

0/17 


15/17 

2/17 


29 

4.2 

15.9 

1/10 

2/10 

2/10 


0/10 

1/10 


6/10 

4/10 


31 

4.4 

15.0 

1/18 

1/18 

1/18 


0/18 

2/18 


15/18 

3/18 


35 

5.0 

15.1 

0/16 

0/16 

1/16 


0/16 

0/16 


16/16 

0/16 


39 

4.8 

14.6 

0/14 

4/14 

4/14 


2/14 

1/14 


11/14 

3/14 


43 

4.8 

14.1 

4/16 

3/lC 

0/16 


0/16 

0/16 


8/16 

8/16 


47 

5.1 

13.7 

1/10 

3/10 

0/10 


0/10 

3/10 


8/10 

2/10 


50 

5.2 

13.2 

6/76 

18/76 

8/76 


6/76 

18/76 


50/76 

23/76^ 

Chamber 

1.5 hr. 

0.03 

20.9 

4/76 

3/76 

— 


— 

— 




— 

Open 

after test 













* Headaches were for the most part transient and not severe. One man was removed 
from the chamber because of headache, nausea, vomiting, and a blood pressure rise to 
146 mm. 

- All personnel were in good condition the following morning. Only 3 of 76 individuals 
complained of malaise at the 50th hour. 


Mouth breathing and increased heat loss. The increased rates of ventilation 
encountered in these experiments caused an increase in rate of heat loss via the 
lungs. In experiment 6, the subjects were exposed to uncomfortably low temper- 
atures and high humidities. If we assume the temperature to be 61°F., the 
relative humidity to be 90% and the minute volume of a seated man to be 30 
liters, then each man loses about 41.9 cal. per hour through the lungs (21). The 
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metabolic rate of a seated man weighing 70 kgm. is roughly 100 calories per 
hour. • Hence, under these conditions a man loses about 42% of the heat which 
he is producmg via the lungs. When he is breathing at a more normal rate of 10 
liters per minute, he loses only 14% of his heat via this channel. Consequently, 
thermal insulation adequate for normal breathing becomes inadequate when the 
rate of ventilation is increased without concurrent increase in rate of metabolism. 

In experiments 3 and 4 the subjects breathed humid air at a temperature of 
over 90°F. Under these conditions the heat loss via the lungs was negligible. 
Thus, it can be seen that with respect to temperature -regulation an increased 
rate of ventilation without coincident increase in the rate of heat production is 
a definite liability at low temperatures and is not an appreciable asset at high 
temperatures unless the relative humidity is low. 

Subjective symptoms. Subjective reactions were recorded in experiments 5 and 
6 (table 4). The usual symptoms, sore throat, nasal congestion and headache, 
were experienced about 40 hours after the start of the experiments. In experi- 
ment 5, about 40% of the subjects complained of all these S3mptoms; m experi- 
ment 6, dry throats and headaches occurred in 18%, and nasal congestion in 
about 10%. However, all personnel felt well the morning after the conclusion 
of each experiment. In the first four experiments, transient headaches occurred 
frequently after leaving the sealed spaces. A phenomenon of interest was the 
fleeting smell and taste of ammonia when outside air was breathed following 
exposure in high carbon dioxide atmospheres. 

Psychological 

Although there were some unquestionable decrements in test performance in 
these experiments, the results lead to an interpretation that the losses, when they 
occur, were not of such magnitude or character as to interfere appreciably udth 
efficiency of personnel performing naval tasks. Five per cent carbon dioxide 
is not a comfortable concentration for prolonged inhalation, but the data show 
that its depressing effect is not gi-eat.' Compensatory mechanisms appear to 
come into play to mitigate the adverse effects of long exposures. Other condi- 
tions, e.g., the extreme Effective Temperature in the early experiments may also 
have operated to reduce efficiency. Since these conditions would be expected 
to affect test scores in the same direction as increased carbon dioxide or reduced 
oxy’’gen, the changes found are maximal if attributed to the major variables of 
carbon dioxide excess and oxygen deficiency. 

The psychological test data have been analyzed to answer five questions. 

What changes in performance occurred during the experiments {table 5)? There 
was no consistent significant effect upon any of the auditory or visual functions 
measured, nor upon any of the paper-and-pencil test scores, after the subjects 
practiced. The eye-hand coordination tests showed a slight decline in most 
cases. Hand dynamometer scores declined 3 to 10% in well-practiced subjects. 
Even though statisticallj'’ significant, these changes are believed to-be of -small 
practical importance. The amount of body sway consistently increased, and, 
for the most part, the increases approach statistical significance. Some part, at 
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Tablh 5. The difference in performance betioeen the first and last test in the closed chamber 


Each column presents the data for an experiment. Description of the time and con' 
ditions of each test period is given at the head of the columns. Items and group means 
relating to the first test are in the lines labeled (1); those concerning the last test, in (2). 




EXPERlitENT 

1 


3 


5 

6 

Time to middle of test 

(1) 

H hr. 


n 


75 hr. 

6 hr. 

period from closing 

(2) 

3U hr. 




57^ hr. 

49 hr. 

chamber 








Per cent CO2 (av.) 

(1) 

0.5 

0.6 

0.5 


1.1 

1.1 

during test 

(2) 

5.4 

6.1 

6.0 

5.3 

4.8 

5.1 

Per cent O2 (av.) dur- 

(1) 

20.2 

20.4 

20.4 


19.6 

19.7 

ing test 

(2) 

14.8 

14.0 

19.8 

11.2 

12.5 

13.4 

Eumber of subjects 


4 

3 

3 

4 

0 

12 

Critical flicker 

(1) 

41.0 

43.8 


44.5 



frequency (flashes per 

(2) 

40.7 

40.4 


42.9 



sec.) 

t 

<1.0 

1.86 


1.72 



Dark adaptation 

(1) 





3.7 


threshold (log p. p 

(2) 





3.7 


^ lamberts) 

t 







Pitch discrimination 

(1) 

2.0 

3.0 

4.0 




(decile rank)’ 

(2) 

4.5 ' 

6.3 

4.7 





t 

1.35 

4.941 

<1.0 




Loudness discrimina- 

(1) 

5.2 

6.3 

4.0 




tion (decile rank)^ 

(2) 

8.2 

6.3 

4.3 





t 

2.22 

0.0 

<1.0 




Audiometer, 128 dv. 

(1) 1 



1 

18.1 



(decibels)’ 

(2) 1 


1 


13.8 

i 



t 







Audiometer, 1024 dv. 

(1) 




18.8 



(decibles)’ 

(2) 




18.1 




t 







Audiometer, 8192 dv. 

(1) 




-2.5 



(decibels)’ 

. (2) 




3.1 




t 







Body sway, eyes open 

(1) 

223 

500 

200 

251 

174 


(mm. in 2 min.)’ 

(2) 

390 

865 

244 

394 




t 

2.75 

3.95 

1.24 

3.07 

1.55 
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Table 5 — Continued 



1 

1 rXPERIMENT 

1 

1 

2 

3 

4 

s 

6 

Body sway, eyes 

(1) 

364 

714 

421 


216 


closed (mm. in 2 

1 (2) 

566 

1214 

737 


308 


min.)^ 

1 t 

2.36 

1.76 

3.12 

2,19 

2.38 


Railwalking (feet 

(1) 

47 

i 49 

56 


46 


walked in 10 trials) 

(2) 

36 

1 51 

49 


40 



t 

1.2S 

<1.0 

2.18 


1.57 


Hand-arm steadiness 

(1) 

48. 4 

16.0 

54.9 

31.8 

50.0 


(contacts per min.)^ 

(2) 

133.8 

87.8 

123.5 


100.2 



t 

15.59' 

1 3.72 

! 10.04» 

! 

2.50 

11.76' 


Comple.v tapping 

(1) 

164 

170 

188 

195 

159 


(contacts per min.) 

(2) 

148 

! 143 

1 179 

163 

164 



t 

1-40 

3.24 

<1.0 

1.17 

<1.0 


Pursuit rotor (contact 

(1) 

i 24.65 

25.90 

27.37 

26.35 

12.85' 


during 30 sec.) 

(2) 

22.08 

25.34 

26.31 

24.79 

16.77 



t 

2.09 

<1.0 

2.59 

1 

1.90 

5.31' 


Hand dynamometer 

(1) 

54.5 

55.7 

56.3 

52.6 

56.1 

56.6' 

(kgm.) 

(2) 

49.2 

52.0 

54.7 

49.0 

51.8 

57.6 


t 

2.50 

1.58 

2.52 

2.51 

4.26' 

<1.0 

Computation (prob- 

(1) 

87.8 

73.3 

116 ' 




lems in 6 min.) 

(2) 

69.2 

78.7 

118 





t 

3.48' 

1 

<1.0 

<1.0 




Computation (prob- 

(1) i 


1 

1 


165 

167 


lems in 10 min.) 

(2) 




154 

155 



t 

1 

1 


1.0 

2.46' 


Code test — 15 min. 

(1) 

26,7 

25.9 

32.2 

! 



(letters per 90 sec.) 

(2) 

25.1 

27.7 

32.8 





t 

<1.0 

<1.0 

<1.0 




Code test — 30 min. 

(1) 




28. 5 

29.3 

26.5' 

(letters per 90 sec.) 

(2) 




27.7 

29.7 

30.2 


t 




<1.0 

1.05 

4.45' 

Number checking 

(1) 

51.8 

55.3 

1 

' 67.0 




(number correct in 

(2) 

47.2 

55.3 

64.3 




3 min.) 

t 

<1.0 

0.0 

<1.0 





' Values for I and N show that the difference between these means is significant at the 
.05 level of confidence, or lower. 

' Number of subjects in e.xperiment 5 was 17, e.\cept as follows: dark adaptation, 4; 
body sway, 5; hand-arm steadiness, 15. 

’ A lower score indicates better performance. 

‘ The subjects had little or no practice before the e.’iperiment. 
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least, of this increase is a result of heavy breathing. Control of gross body move- 
ment is not so severely afiected by heavy breathing as is static equilibrium, for 
railwalking scores showed only an inconsistent trend downward. Of the func- 
tions measured, hand-arm steadiness showed the greatest change, but again 

.Table 6. Comparison of performance at the beginning and the end of the lime during 
lohich the C0« concentration was approximately B% 

Each column presents the data for an experiment. Description of the time and con- 
ditions compared is given at the head of each column. Items and group means of per- 
formance relating to the beginning of the time at 5% CO 2 are in the lines labeled (1) ; those 
concerning the end of the time at 5% COi are labeled (2) . 




4 

EXPERIMENTS 

s 

6 

Time to middle of test period since 

(1) 

37 ^ hr. 

34 hr. 

31 hr. 

closing chamber 

(2) 

61-1 hr. 

581 hr. 

48 hr. 

Per cent CO 2 (av.) during test 

(1) 

4.7 

4.8 

4.1 


(2) 

5.2 

4.8 

5.0 

Per cent O 2 (av.) during test 

(1) 

15.6 

15.1 

15.8 


(2) 

12.0 

12.5 

13.5 i 

Number of subjects 


4 

2 

12 

Critical flicker frequencj' (flashes per 

(1) 

41.8 



sec.) 

(2) 

43.0 




t : 

2.43 



Audiometer, 128 dv. (decibels)’ 

(1) 1 

26.0 




(2) 1 

10.6 1 




t 

1 

3.37* 



Audiometer, 1024 dv. (decibels)’ 

1 

(1) 

16.8 




(2) , 

18.4 




t 

<1.0 



Audiometer, 8192 dv. (decibels)’ 

(1) 

1.2 




(2) 

6.0 




t 

j <1.0 


1 

Body sway, eyee open (mm. in 2 min.)’ 

(1) 

260 

248 



(2) 

368 ■ 

1 204 



t 

2.82 

1.73 


Body sway, eyes closed (mm. in 2 min.)’ 

(1) 

353 

415 



(2) 

490 

308 



t 

2.25 

2.22 


Hand-arm steadiness (contacts per min.)’ 

(1) 

99.1 

90.7 



(2) 

104.9 

100.2 



t 

<1.0 

1.58 
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Table 6 — Continued 




4 

EXPERIMENTS 

s 

6 

Complex tapping (contacts per min.) 

(1) 

202 

153 



(2) 

182 

164 



t 

1.3S 

2.541 


i 

Pursuit rotor (contact during 30 sec.) 

i 

(1) 

26.39 




(2) ; 

24.16 




t 

$ 

1.44 

■ i 


Hand dynamometer (kgm.) 

(1) 

47.6 

53.8 

58.31 

• 

(2) 

48.0 i 

51.8 

57.6 


t 

j 

' <1.0 

1 

1.56 

1 

<1.0 

Computation (problems in 10 min.) 

(1) 

161 

156 



(2) 

162 

155 



t 

<1.0 

<1.0 


Code test — 30 min. (letters per 90 sec.) 

(1) 

27.9 

28,8 

29.41 


(2) 

28.6 

29.7 

30.2 


t 

<1.0 

3.161 

1.22 


^ Values for t and N show that the difference between these means is significant at the 
.05 level of confidence, or lower. 

- Number of subjects in e.vperiment 5 was 17, c.xcept as follows: body sway, .5; hand-arm 
steadiness, 15. 

® A lower score indicates better performance. 

^ The subjects had no practice before the experiment. 

bod5'’ movements, resulting from heavy breathing, were obviously an important 
determining factor. 

To what extent does ‘performance change when oxygen percentage gradually de- 
creases and carbon dioxide is maintained at 5% {table 6)? The data of experiments 
4, 5, and 6 are relevant to this question. The statistical analysis consisted in com- 
paring performance when the carbon dioxide first reached 5% with performance 
just prior to return to normal air. In using the data of experiment 4, the small 
number of cases made advisable the averaging of the scores of the first two and 
the last two test periods during the 40 hoiu’s that the carbon dioxide was at a 
5% 'level. 

The results (table 6) show very few changes of significance. Only three of 
the comparisons show differences significant below the .05 level of confidence, and 
that for the audiometer (128 double vibrations’) is questionable because of me- 
chanical difficulties during the testing. The other two show improvement. The 
conclusion to be drawn from this analysis is that the subjects were able to main- 
tain their performance levels in aU tests during prolonged exposure to 5% carbon 
dioxide even when the ambient oxygen percentage was decreasing to 12. Further- 

’ Hereinafter, ‘dv.’ 
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more, there is evidence in some tests of adaptation to the conditions of the exper- 
iments, -with consequent improvement in performance during the last 20 hours. 




Fig. 12. Effects of increasing ambient carbon dioxide and decreasing ambient o.xygen 
concentrations on psj'chomotor performance (experiment 5). All ordinates are given in 
standard deviation units of the score distribution in the last practice period. All scores 
are plotted so that positive deviation indicates improvement in performance, regardless of 
the raw score magnitude. 


Graphs based on the data obtamed from seven of the tests used in experiment 
5 are sliomi in figure 12. All scores are plotted in comparable units, based on 
the standard deviation of the score distribution of the last practice session, taking 
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Table 7. Extent and significance of the differences in Tperforinance between the last test 
during rehreathing and the ‘recovery test' 


Each column presents the data for one experiment. Description of the conditions com- 
pared is at the head of each column. Group means of performance during the last test in 
the closed chamber are in the lines labeled (1); those for the ‘recovery test’ are labeled (2). 




EXPERIMENTS 

1 

2 

3 

' 4 

5 

Time of starting test in 


9 hr. 

2 hr. 

9 hr. 

2 hr. 

4-j- hr. 

recovery period 







Highest per cent CO2 reached 


5.95 

6.54 

6.75 

5ifc: 

5=1= 

Lowest per cent Oj reached 


14.18 

13.45 

19.22 

10.45 

12.21 

Number of subjects 


4 

3 

4 

4 

2 

Critical flicker frequency 

(1) 

40.7 

40.4 


39.0 


(flashes per see.) 

(2) 

41.5 

46.3 


42.9 



t 

1.90 

3.53 


2.26 


Pitch discrimination (decile 

(1) 

4.5 

6.3 

5.5 



rank)® 

(2) 

3.8 

8.3 

2.2 




t 

<1.0 

3.52 

2.18 



Loudness discrimination 

(1) 

8.2 

6.3 

4.2 



(decile rank)® 

(2) 

5.2 

7.3 

1.5 




t 

1.73 

<1.0 

1.62 



Audiometer, 128 dv. (decibles)’ 

(1) 




13.8 



(2) 




9.4 



t 




2.34 


Audiometer, 1024 dv. (decibels)® 

(1) 




18.1 



(2) 




13.8 



t 




2.74 


Audiometer, 8192 dv. (decibels)® 

(1) 




3.1 



(2) 




-1.8 



t 




1.63 


Body sway, eyes open (mm. in 

(1) 

390 

865 

294 

394 

204 

2 min.)® 

(2) 

293 

218 

115 

214 

190 


t 

1.75 

1.78 

2.89 

4.92‘ 

<1.0 

Body sway, eyes closed (mm. 

(1) 

566 

1214 

754 

550 

308 

in 2 min.)® 

(2) 

505 

502 

282 

244 

288 


t 

<1.0 

1.36 

5.55* 

2.49 

<1.0 

Railwalking (feet walked in 10 

(1) 

36 

51 

50 



trials) 

(2) 

35 

58 

62 




t 

<1.0 

<1.0 

1.66 
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Table 7 — Continued 



1 

EXPEBMENTS 

1 

2 

3 

4 


Hand-arm steadiness (con- 


133.8 

87.8 

105.8 

98.7 

mm 

tacts per min.)^ 

^1 

23.8 

14.8 

38.2 

41.5 

mEM 

t 

13.56* 

4.16 

12.26* 

2.54 

6.37* 

Complex tapping (contacts 

(1) 

148 

143 

187 

163 

164 

per min.) 

(2) 

182 

167 


213 

178 

t 

2.43 

1.73 

1.38 

2.38 

2,96* 

Pursuit rotor (contact during 

(1) 

22.08 

25.34 

25.85 

24.79 


30 sec.) 

(2) 

25.12 

25.49 

27,83 

26.44 


t 

1.85 



2.12 


Hand dynamometer (kgm.) j 

1 

1 49.2 


53.9 

49.0 

51.8 

(2) 1 

52.6 



50.4 

54.0 


t 

2.64 

1.71 


<1.0 

2.24* 

Computation (problems in 6 min.) 

(1) 

69.2 

78.7 

111 1 




(2) 

82.2 

74.3 

129 


1 


t 

5.73* 


1.74 



Computation (problems in 10 

(1) 




154 ^ 

165 

min.) 

(2) 




184 

173 


t 




1.73 

3.41* 

Code test — 15 min. (letters per 

(1) 

25.1 

27.7 

33.2 



90 sec.) 

(2) 

28.7 


38.6 




t 

4.92* 

2.19 

2.17 



Code test — 30 min. (letters per 

(1) 




27.7 

29.7 

90 sec.) 

(2) 




31.8 

33.7 


t 




2.36 

6.35* 

Number checking (number 

(1) 

47.2 

55.3 

65.8 



correct in 3 min.) 

(2) 

53.5 

51.7 





t 

1.58 

mm 

6.12* 




' Values for t and N show that the difference between these means is significant at the 
.05 level of confidence, or lower. 

- Number of subjects in experiment 5 was 17, except as follows: body sway, 5; hand-arm 
steadiness, 15. 

’ A lower score indicates better performance. 


the average of this distribution as zero . It will be noted that only hand dynamom- 
eter and steadiness scores continued the downward trend during the last 20 
hours of rebreathing. For the other tests, the lowest scores occurred between 
the 30th and 40th hours and subsequently improved. 

Is (here any advantage in the maintenance of ambient oxygen at approximately 20% 
if carbon dioxide ie allowed to increase to 6%? This question was answered by 
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comparing the data of the thh’d experiment wdth those of experiments 1, 2, and 
4. Changes in performance between the time the chamber was closed and the 
time, about 35 hours later, when the carbon dioxide concentration had reached 
about 5%, were compared under the two conditions of oxygen concentration. 
The conclusion of this analysis is that 19 to 21% ambient oxygen.offers no advan- 
tages over oxygen reduced to 15% if the carbon dioxide concentration is concom- 
itantly increased to 5%. In 14 comparisons of changes in test performance, 6 
favored conditions of decreased oxygen; no difference was significant at the .05 
level of confidence. ‘ 


Table S. hnprovemeni with practice on the- hand dynamometer test during 50 hours’ 
rebreathing , carbon dioxide concentration being 5% during the last 15 hours 



EXP, 6 

CONTROL GROUP 
A 

CONTROL GROUP 
B 

ISTuBiber of subjects 

12 

18 

10 

First practice score (kgm.) 

56.6 

52.6 

46.5 

Sixth practice score (kgm.) 

56.8 

54.2 

49.2 

Difference 

.2 

1.6 

2.7 

Difference from Experiment 6 group in 




improvement 


4-1.4 

1 4-2.5 

t 


<1.0 

1 

1.52 





Table 9. Improvement with practice on the Johnson Code Test during 60 hours' 


rebreathing, carbon dioxide concentration being 6% during the last 15 hours 


EXP. 6 

CONTROL CROUP 

Number of subjects j 

15 

18 

First test score (letters per 90 sec.) 

26.6 

26.7 

Fourth test score (letters per 90 sec.) 

29.8 

■ ■ 30.9 

Improvement 

3.2 

4.2 

Difference from Experiment 6 group in improvement .... 
t ' 

4-1.0 

I.IS 


To what extent does performance improve on return to normal air? This is an 
important question since there is a decrement in some tests, (table 5) and it is 
important to loiow whether the unfavorable reactions persist. Table 7 com- 
pares performance in the last test period during rebreathmg vuth that in the 
recovery period (fourth to fifth hour). Of 57 differences, 52 show some average 
improvement in performance during the recovery period and 12 are significant 
at the .05 level of confidence or lower. 

What is the effect of the experimental conditions on expected improvements from 
practice (fables 8, 9, and fig. 13)? In experiment 5 the subjects had only two 
practice sessions vfith the pursuit rotor before closing the experimental chamber; 
Thej^ had four more practice periods while the chamber was closed, and one in 
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the recovery test period. The learning curve for the group, compared vdth three 
other groups tested vith the same apparatus and procedure (fig. 13), suggests 
that the effect on pursuit rotor learning when living in an atmosphere where 
concentration of carbon dioxide builds up to 5%, is roughly equivalent to that of 
living in an atmosphei’e where the Effective Temperature is above the comfort zone 
(22). The subjects in experiment 6 had no previous practice on the hand dyna- 
mometer or the code test. Their improvement (tables 8, 9) is slightly but not 
significantly less than that of groups learning under normal conditions. Al- 
though there is some indication in these data of interference or inhibition imposed 
by the experimental conditions during the learning period, the effect is not 



Fig. 13. Pursuit rotor learning under several e.xperimental conditions. Each curve 
covers a period of four days, with' two, five-trial practice periods each day in most cases. 
The subjects of experiments 1 — 4 and the ‘cool quarters’ group were learning under essen- 
tially normal conditions. The ‘hot quarters’ group lived in an environment where the 
Effective Temperature remained above 85 °. 

greater than that found in well-practiced perfonnance, when judged by the 
critical ratio of the changes. 


SHMMAKY 

1. In six experiments men breathed recirculated air for periods of 35 to 72 
hours in sealed spaces of such size as to pro^^de 500 cu. ft. of air volume per man. 

2. Exposure in atmospheres of carbon dioxide concentrations up to 5% and 
reduced oxygen concentrations as low as 12% did not seriously impair the phys- 
ical condition and efficiency of the subjects as evaluated by biochemical, physi- 
ological, and psychological tests. Minor symptoms of headache, nasal con- 
gestion, and drjmess of the thi-oat quickly disappeared when outside air was 
breathed. 
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3. In an atmosphere of 5% carbon dioxide and 12% oxygen, healthy men are 
able to maintain an adequate oxygen pressure in the lungs, blood and tissues 
because an increase in respiratory minute volume (hyperventilation) and an 
increase in pulse rate (circulation) prevent a corresponding reduction in oxygen 
concentration in lungs and blood despite the decrease in ambient oxygen from 
21 to 12%. Consequently, in long exposures to atmospheres of high carbon 
dioxide content (5%) it is not necessary to maintain the oxygen concentration of 
the recirculated air at the normal value. 

4. Concentrations of carbon dioxide much above 5% are not well tolerated. 
This value appears to be a limiting level for healthy young men if exposures are 
prolonged. 

5. Under these conditions the carbon dioxide output was found to be 0.326 
1/min. STP (0.69 cu. ft. per man hour) and the oxygen consumption was 0.387 
1/min. STP (0.82 cu. ft. per man hour). 

The completion of this project was made possible only by the skilled assistance and 
perseverance of the following men; V. Broom, H. Collison, L. Hayward, H. Hinshaw, S. 
Hollander, A. Leggett, W. Platt, J. Shaner, C. Spear, C. Stevens, T. Watson and L. William- 
son. 

Wo wish to acknowledge the assistance of investigators from the Naval Research Labo- 
ratory, Anacostia, D. C., and the Medical Research Department, New London, Connecticut. 
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Cruickshank and 'Wliitfield (1) recently have reported results obtained using 
cats, which indicate that after an initial intravascular injection of T-1824 there 
is a period of rapid loss of the dye from the blood. They suggest that unless 
some means, such as a previous saturating dose of T-1824 (presumably to block 
the reticulo-endothelial system), is employed, there is a possibility of the value 
obtained for plasma volume being too high. From this it follows that if repeated 
determinations of plasma volume are made by the reinjection of T-1824 within 
a short period of time, the value obtained for plasma volume by the first deter- 
mination should be significantly higher than that by the later determinations. 

This report presents the results obtained when repeated determinations of 
plasma volume, blood volume and total available fluid were made in do^s. In 
carrying out these determinations no efforts were made to block the teticulo- 
endothelial system by a saturating dose of T-1824 prior to the initial determina- 
tion. 


METHODS 

The animals used in these experiments were 6 normal, fully grown male dogs. 
These animals were fasted 16-20 hours before each experiment and they were 
trained to lie quietly upon the operating table during the course of an experi- 
ment. They had been used over a period of one and one half years to study 
the effects of some anesthetic agents upon the various fluid compartments of the 
body (2), and in this period some 104 determinations of normal values were made. 
A summary of these values is presented in table 2. 

Plasma volume was estimated by the use of the dye T-1824 and total available 
fluid by sodium thiocyanate (3). The two materials were injected intravenously 
simultaneously as described by Gregersen and Stewart (4), and the concentrations 
of the dye and thiocyanate in subsequent blood samples were determined using 
the Evelyn colorimeter with filters 635 for the T-1824 and 490 for the thiocyanate. 

In each experiment a control sample of blood was taken before the injection 
of the dye and thiocyanate, and blood samples were taken at 25, 35, 45 and 55 
minutes, or 30, 40 and 50 minutes after the injection. On completion of this 
deteimination a second mixture of dye and thiocjmnate was injected intra- 
venousty and the determination repeated. Tliis experimental procedure was 
repeated at wddely separated time mteiAmls in the same animals, to avoid the 
effect upon the disappearance cun^e of the newly injected dye of any dye re- 
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Table 1 




% CELL VOL. 

PLASMA VOL. 

SED CELL VOL. 

TOTAL AVAIL, FLUID 



1st 

2nd 

% diff. 

1st 

2nd 

% diff. 

1st 

2nd 

% diff. 

1st 

2nd 

% diff. 


kgm. 




cc. 

cc 


CC. 

CC. 


cc. 

cc. 


1 

24.6 

46.4 

46.1 

-0.65 

1227 

1250 

+1.88 

1062 

1068 

+0.56 

7407 

7272 

-1.83 

1 

24.0 

43.2 

43.8 

+1.39 

1258 

1212 

-3.60 

957 

945 

-1.25 

9195 

9091 

-1.13 

1 

23'.4 

42.7 

41.4 

-3.05 

1257 

1266 

+0.72 

937 

894 

-4.58 

8000 

7952 

-0.60 

2 

17.7 

37.5 

36.7 

-2.14 

1143 

1176 

+2.88 

686 

682 

-0.58 

6061 

6107 


2 

17.7 

38.1 

37.1 

-2.62 

liniM 

1130 

+3.96 

668 

667 

-0.15 

4969 

5128 

+3.20 

2 

17.7 

37.8 

37.4 

-1.06 

1143 

1103 

+1.75 

693 

695 

+0.29 

6400 

5517 

-13.80 

2 

17.3 

38.6 

38.2 

-1.04 

1250 

1194 

-4.48 

776 

. 741 

-4.51 

6202 

6033 

-2.72 

Z 

22.3 

44.6 

43.1 

-3.36 

1170 

1143 

-2.31 

942 

866 

-8.08 

6250 

6504 

+4.06 

3 

22.7 

39.9 

39.0 

-2.26 

1266 


+1.89 

841 

823 

-2.14 

6061 

6375 

+5.18 

3 

22.3 

39.9 

38.8 

-2.76 

1195 


+1.42 

793 

769 

-3.03 

6038 

5714 

-5.37 

4 

17.5 

44.7 

44.6 

-0.22 

1176 

1197 

+1.79 

952 

982 

+3.16 

6038 

6226 

+3.12 

4 

17.1 

46.9 

46.1 

-1.71 

941 

976 

+3.72 

831 

835 

+0.48 

4819 

5000 

+3.75 

4 

16.9 

44.7 

44.9 

+0.45 

930 

962 

+3.44 

752 

784 

+4.25 

5141 

5208 

+1.31 

5 

16.4 

35.8 

35.3 

-1.39 

941 

920 

-2.23 

525 

502 

-4.38 

^819 

5000 

+3.75 

5 

15.7 

37.3 

26.7 

-2.20 

1170 

1190 

+1.71 

439 

433 

-1.37 

5229 

5229 

0 

5 

16.4 

42.3 

41.7 

-1.42 

962 

952 

-1.04 

705 

681 

-3.40 

4598 

4663 

+1.42 

G 


46.0 

45.1 

-1.96 

909 

952 

+4.74 

773 

781 

+1.04 

5215 

4969 

-4.72 

6 

B 

47.1 

46.5 

-1.28 


97C 

-2.40 

890 

848 

-4.73 



+1.02 

Mean . . . 



-1.5155 



+0.7655 



-1.5788 



-0.1444 

Standard 

Error 

of 











Mean 



0.288 



0.6543 



0.7279 



1.1448 

‘T’ 




5.262 



1.1699 



2.1690 




Significance 


S 



N.S 



S 



N.S. 


The ‘T’ value for P = 0.05 and N = 17 is 2.11. 


Cable 2. V-alues obtained from the different body fluid compartments in the normal animals 
used in this senes, compared with those normal values reported in the literature. 


REF. KO. 

ANIMAL & 
KOS. 

ft- 2 

°w 
o ° 

2 

METHODS USED 

PLASMA VOL. 
&IEAN A RANGE 

1 

1 RED CELL VOL. 
MEAN & RANGE 

TOTAL BLOOD 
VOL., MEAN * 
RANGE 

TOTAL AVAIL. 
FLUID MEAN ± 
RANGE 





cc.lkgm. 

cc.lkgm. 

cc./kgm. 

cc.lkgm. 

This 

6 dogs 

104 

T-1824 

56.3 

40.3 

96.6 

312.4 

rept 



NaSCN 

(40.6-75.7) 

(27.6-66) 

(69.8-137) 

(240-380) 

4 

15 “ 

72 

T-1S24 

54.7 



310.26 




NaSCN 

(35-65) 



(230-425) 

12 

50 “ 

50 

T-1824 

48.9 

43.9 

92.7 






(41.2-51.7) 

(36.4-54.6) 

(84-97.3) 


13 

29 “ 

29 

T-1824 

54 

25 

79 


14 

100 “ 

106 

[ T-1824 

48.3 

34.9 

83.2 






(31.8-69.6) 

(21-49.2) 

(60-107.5) 


15 

dogs 


T1824 



99 





CO 



99 


10 

16 “ 

16 

T-1S24 

55.4 

39.8 

95.2 ±12.4 





CO 

55.1 

40.3 

95.4 ±12.0 


17 

9 “ 

9 

T-1S24 

41.1 



259.6 




NaSCN 

(34-48) 



(211.9-297.6) 

IS 

6 “ 

6 

Dye (?) 

46.2 

31.5 

77.7 





Radioactive iron 

(34.7-60.6) 

(23-35.5) 

(65.7-94.0) 


19 

33 humans 

33 

T-1824 

44.8 

36.8 

81.6 

188 




NaSCN 

(36.9-54.7) 


(59.2-103.7) 

(163-246) 

1C 

9 

9 

T-IS24 

45.5 

35.0 

80.5 ±8.6 





CO 

45.3 

34.9 

80.2 ±5.5 


20 

59 “ 

59 

T-1S24 

30.7 



9!>fi 




NaSCN 





21 

10 " 

10 

T-1S24 

48.8 








(41.5-54.7) 





6 

6 

Radioactive phospho- 

42.7 

30.96 

73.6 


! 

32 ** ^ 


rus 

(30.13-63.37) 

(21.96-41.57) 

(53.7-103.7) 


23 ' 


64 

T-1S24 

45.2 

33.1 


235 




NaSCN 

(35.3-55.9) 



(202-253) 
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maining in the vascular S 3 fstem from the previous estimation. The initial con- 
trol blood samples were always clear of dj’^e. 

The details of estimating the concentration of dye and thiocyanate have been 
described previously (2). The plasma sample was measured into the colorimeter 
tube and the estimation of the concentration of both dye and thiocyanate carried 
out in the same tube. The usual precautions were taken to avoid hemolysis, 
but a correction for any possible hemolj^sis was carried out (5) at the time of 
estimating the concentration of T-1824. The methods used in the determination 
of the per cent cell volume (packed cell volume) have been adequately described 
elsewhere (2, 4). 

HESULTS 

Table 1 presents the absolute values for plasma volume, red cell volume, per 
cent cell volume and for total available fluid in a series of 18 experiments. 

Statistical analysis of the difference between the first and second sets of values 
has been made applying Fisher’s t test (6). From this analysis it is seen that no 
significant difference existed between the first and second determinations of 
plasma volume or of total available fluid. However, there was a significant 
decrease found between the first and second determinations of per cent cell 
volume, red cell volume and total blood volume (total blood volume figures are 
not presented in the table). 

In table 2 the range and mean of the 104 normal readings obtained in the 7 dogs 
which were used in these experiments are given and compared with some of the 
values reported in the literature for plasma volume, blood volume and total 
available fluid. 

DISCUSSION 

Cruickshank and ^^Tlitfield (1) reported that the disappearance curve of T-1824 
in cats may be divided into 3 portions : a) a short period of the order of one minute 
for mixing, h) a period of absorption during which there is a rapid loss of dye 
from the blood, lasting from one to 10 minutes, and c) the disappearance curve 
of the dye upon which a) and b) are superimposed. On the basis of these find- 
ings they have suggested that unless precautions, such as a previous saturating 
dose of T-1824 or an injection of India ink, are taken to block the reticulo- 
endothelial system, there is a possibility of the values for plasma volume ob- 
tained with T-1824 being too high. This results from the dj'^e concentration 
obtained by extrapolation being too low, and thus these authors advocate a pre- 
vious saturating dose of T-1824 20 minutes before the injection of the dye 
mixtm’e used in determining the plasma volume. 

In the series reported here, in dogs in which no precautions were taken to block 
the rapid loss of dye from the blood stream, no significant differences were found 
between the two determinations of plasma volume. A significant difference 
would have been expected if the conclusions of Cruickshank and \\Tiitfield 
applied in the case of the dog. It is also of interest that there was no significant 
difference obser^’^ed between the two detenninations of total available fluid 
(thiocyanate space). 
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An examination of the figures in table 1 indicates that while there was some 
variability in the volumes of the various fluid compartments in the same animals 
when the determinations are carried out on uddely separated days, these volumes 
were quite constant over the period of a few hours involved in making the two 
determinations of plasma volume, etc. 

The significant decrease in per cent volume found in the second determination 
is responsible for the decreases observed in red cell volume and in total blood 
volume, since the per cent cell volume and the plasma volumes are the basis 
for the calculation of the red cell and total blood volumes. 

The cause of this reduction in per cent cell volume is rather obscure. It might 
possibly result from the further relaxation on the part of the animal as the ex- 
periment progresses, or it might possibly be the result of some action of the 
thiocyanate. However, Hemingv^ay, Scott and Wright (7) have reported that 
hemoglobin values fall in dogs on repeated sampling of blood. Mole (8) has 
reported that the x'^ariation in hemoglobin on repeated sampling of blood has 
a standard deviation of 0.54 volumes CO (0.46 volumes after allowing for diurnal 
variation) . This would mean that in repeated hemoglobin samples there must be 
nearly 8% difference between the samples before the difference can be attributed 
to anything but experimental error. 

Gibson and Ei'^ans (9) noted a similar decrease in per cent ceU volume in 
humans on repeated sampling which tended to level off in about 20 to 30 minutes. 
Bonnycastle (10) examining this question in dogs repeated the procedure of 
redetermining the blood volume described above, using either saline alone or 
saline and thiocyanate in amounts equal to the volume of fluid used in determin- 
ing total available fluid . It was observed that the initial injection of thiocyanate 
and saline led to a similar decrease in per cent cell volume as did the injection 
of saline alone. The second injection, however, resulted in a greater fall in per 
cent cell volume than did the second injection of saline. In both cases the 
decrease in per cent cell volume was greater than when no saline or thiocyanate 
was given, and the same size blood samples taken at the same periods. In this 
case the per cent cell volume leveled off after about 30-40 minutes. 

Reeve and Armin (11) have reported the results of repeated determinations 
of plasma volume in humans by reinjection of T-1824. The values they obtained 
by the first and by the second injection of dye do not differ by more than the 
error of the method. No attempt was made in these experiments to block 
the reticulo-endothelial system. 

Thus it would appear that in so far as the disappearance of the dye T-1824 
is concerned, it apparently behaves similarly in man and the dog, no saturating 
dose of it being required before utilizing the dye for the estimation of plasma 
volume. 

In table 2 the mean value and the ranges of 104 normal determinations on these 
dogs are compared with similar values from the literature. It is seen that these 
values agree reasonably well vdth those reported by other’ workers. Some of 
the reported human values are included for comparison. 
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STJMMARY " " “ 

1. In these experiments in dogs using both T-1824 and sodiuni thiocyanate, 
there is no evidence of erroneously high values of plasma volume in the first 
determination, as a result of the immediate absorption of the dye by the reticulo- 
endothelial system. 

2. In the determination of plasma volume in dogs vdth T-1824, no pre-injection 
of the dye is required. 

3. The 104 normal values obtained in 7 dogs for plasma volume, blood volume 
and total available fluid agree satisfactorily with those reported in the literature. 
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This laboratory has previously called attention to a relationship between the 
body temperature and the systemic arterial blood pressure observed in the turtle, 
a cold-blooded animal (1). These findings suggested the possibility that such a 
relationship might also exist between the body temperature and the arterial 
pressure in warm-blooded animals. In this report we discuss blood pressure 
and heart-rate data obtained on chickens at their normal body temperature of 
about 42°C., and the changes observed as the body temperature was changed 
by cooling or warming. 


METHODS 

We used 22 chickens (Gallus domestictis) of the White Rock or White Leghorn 
breeds, ranging in age from 6 to 16 weeks and weighing 450 to 1200 grams. 

In order to be able to take direct arterial blood-pressure readings it was neces- 
sary to put the animals into a quiescent state. This is accomplished easily 
by placing the chicken on its side on an animal board with its head tucked under 
the lower wing. A deeper state of quiescence is obtained by rotating the ani- 
mal at arm’s length several times before placing it on the animal board. In 
this condition the animal is usually not responsive to the simple procedure 
necessary for exposure of the ischiatic artery. 

In our early experiments intravenous pentobarbital sodium (25 mgm/kilo) 
was used as the anesthetic agent. Later the anesthetic agent was discontinued 
for several reasons: a) The amount of anesthesia required was found to vary 
with the body temperature, decreasing as the latter was reduced. Doses which 
are anesthetic at the normal body temperature may be lethal at reduced body 
temperature (2). b) Hypothermia is itself an effective anesthetic, agent (2). 
c) Anesthesia would tend to mask any mechanism which depended for its action 
on the central nervous system. This latter factor was of extreme importance 
inasmuch as rve have previously demonsti’ated that in the turtle the body tem- 
perature-blood pressure relationship depended upon the integrity of the central 
nervous system (3). 

The feathers were plucked from the skin overling the proximal end of the 
femur. A small incision was made over the posterior margin of the proximal 
end of the femur and the ischiatic artery was found lying in a sheath with its 
nen-c and vein immediately posterior to the bone. The artery was cannulated 

' Aided by the A. D. Nast Fund for Cardiovascular Research, and in part by a grant from 
the ttar Department to the ^Michael Reese Hospital (Dr. L. N. Katz, responsible investi- 
gator). 
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and the cannula attached to the lead tubing of the Hamilton manometer. A 
small amount of heparin was used in the cannula to prevent clotting. To re- 
cord body temperature, a mercury thermometer was inserted deep into the cloaca. 

The animals Avere cooled by placing a bag of crushed ice on the body, and 
especially under the Aving. Warming Avas accomplished by radiant heat from 
two 150-AA'att Spot Reflector light bulbs placed about 30 cm. from the body. 
The rate of temperature change AA^as about 1° C. per 10 minutes during cooling, 
and about 1° C. per 8 minutes during warming. 

Blood pressures AA'ere recorded before any change in body temperature and 
AVith each change of 2 or 3° C. One gi’oup of animals Avas cooled to the lower 
limit of cold tolerance, about 24-25° Avith our method and rate of cooling, and 
then reAA'armed to the control body temperature. Warming Avas then continued 
until exitus AA'hich occurred at 45-46° C. In another group of animals no cool- 
ing AA'as done. Instead, after a series of control readings at normal body tem- 
peratures, the animals AA'ere AA^armed directly until exitus Avhich occurred at about 
46° C. 

In order to test the reactivit 3 ’^ of the cardiovascular system at various body 
temperatures, epinephrine (1 mgm.) dissolved in 1 cc. of saline was injected into 
the sciatic A'^ein and the blood pressure AA'as recorded until it returned to normal. 

RESULTS 

]. The normal blood pressure of the chicken. We found the blood pressure of 
the chicken to be remarkably constant and to fall Avithin a -relatively small 
range. The average blood pressure AA^hich Ave have obtained, so far, in a series 
of 100 chickens was 135/120 mm. Hg Avith a range of db 20. The standard de- 
viation of our series Avas 11. The pulse pressure averaged 18 ram. Hg and 
ranged from 5 to 60 mm. Hg. HoAA'ever, 85 of our 100 readings had a pulse 
pressure ranging from 10 to 25 mm. Hg. In 19 readings the presence of a 
short length of rubber tubing, about 1 cm. long, betAveen the glass cannula 
and the lead tubing of the Hamilton manometer may have reduced the pulse 
pressure someAA'hat. The scattergram for our series is given in figure 1. Re- 
peated measurements of the blood pressure in the same chicken AA'ere found to 
vaiy less than dz 10 mm. Hg, Because of this the chicken Avould seem to lend 
itself admirably to some types of blood-pressure studies since the variation from 
animal to animal is small, and the blood pressures usualb'- do not change signifi- 
cantly from reading to reading. 

2. The effect of cooling and rewarming, {a). Blood pressure. Placing the ani- 
mal on the animal boai'd and leaAung it immobile for periods up to 2 hours hadno 
effect on the bodj' temperature or arterial pressure of the older and larger chick- 
ens. In the smaller animals the body temperature sometimes tended to fall 
1-3°, and this aa'rs accompanied by no significant change in blood pressure. 
These and the folloAA'ing data represent the results on unanesthetized chickens. 

Ten chickens AA'ere acth'eb' cooled bj' means of application of ice packs and then 
rcAA'armed by radiant heat. During the cooling phase the blood pressure fell 
in all 10 e.xperiments, the fall usualty being proportional to the degree of body- 
temperature reduction. When the animals AA'ere reAA'ai’med, all but one showed 
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a progressive rise in pressure toward the control level. During the re warming 
phase the blood pressures attained at the various body-temperature levels were 
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Fig. 1. Blood pkessure of 100 besting unanesthetized chickens. Each number 
represents the number of animals that fall in each group indicated by the ordinates (systolic) 
and abscissae (diastolic) values. For example, the figure 5 indicates that 5 chickens had 
blood pressures of ‘“/no mm. Hg. 


Table 1. Effect of body temperature change on arterial pressure of the chicken 



DUSTOLIC BLOOD PSBSSURB 

During cooling ] 

During rewanning 

•c. 

I mm. Be 

mm. Be 

44 ’ 



96' 

r 

41 


114 (control) 

112 

1 

35 


106 

I 105 


30 


92 



25 

1 

1 1 

> 

. 78 ' 

i 



on the average remarkably similar to those obtained during cooling (table 1). 
■i^dien the normal body temperature of about 41.5° C. was reached, all but two 
had returned to within 10 mm. Hg of the control blood-pressure level. A typi- 
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cal response to temperature change is shoflui in- figure 2, Averages for the dias- 
tolic blood pressure of the entire group are given in table 1. The systolic pres- 
sures were in general about 15 mm. Hg above the diastolic. 

The warming was continued so that the bodj'' temperature was raised above 
the normal level in C of the chickens which had been cooled. In 4 others fever 
was induced directly without previous cooling. In these the blood-pressure 
changes were less consistent. In all 10 animals the blood pressure tended to fall 
as the body temperature was increased. During the early phase of the warming 
3 animals showed a transient rise in pressure of about 10 mm. Hg above the con- 
trol values. In the other 7 a fall in pressure was seen soon after fever tempera- 
tures were obtained. As the animals reached body-temperature levels of about 
45° C. the blood pressure fell sharply in all and they soon expired. 



Fig. 2 


(b) Heart rate. The heart rate varied directly with the body temperature of 
the animals. These heart rates during cooling and warming are given in table 2. 

It will be noted that the heart rate was on the average somewhat slower at 
the same temperatures dui-ing the cooling phase than during the warming phase. 
It is of interest also that the heart rate continues to increase regularly when the 
body temperature is raised above normal, while the blood pressure usually does 
not rise and always begins to fall when temperatures around 45° C. are obtained. 
This would appear to eliminate the heart I’ate as a primary factor in the mech- 
anism which binds the arterial pressure values to the level of body temperature. 

3. The response to epinephrine at various body temperatures. In our early 
experiments, injections of epinephrine were given just before death of the ani- 
mal in order to determine whether or not the vessels were still capable of res- 
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ponding to a pressor stimulus. In every case there was a typical response with 
a marked rise in arterial pressure. This occurred even in animals a minute or 
two before death when the blood pressure was falling rapidly after the body 
temperature had reached toxic levels of 23-25° C. during cooling, or 45-46° C. 
during warming. 

In order to test the possibility that changes in the reactivity of the blood 
vessels might be responsible for the changing blood pressure at different body 
temperatures, a standard injection of 1 mgm. of epinephrine was given intra- 
venously. In this way it Avas hoped to measure any large changes in vascular 
reactivity. The possibility that vascular reactivity might not be indicated by 
the response to epinephrine was entertained, but no other adequate method pre- 

Table 2. Effect of body lemperalure change on heart rate in the chicken 


TEiTFERATUSE 

During Cooling 

During Rewarming 

°c 

1 bealsitnin. 

1 lealsimin. 

45 




1. 

41 


375 



35 


290 ' 

340' 


30 


165 

204 1 


25 

1 

> 

.108 




Table 3. Response to epinephrine at various body temperatures 


BODY TEHPERATXntE 

1 BLOOD BfiESSOEE BISE ABOVE VALDES 

Systolic 

Diastolic 

°c 

mm. Be 

mm. Be 

44 

70 

55 

42 

70 

55 

35 

62 

50 

30 

65 

55 


seated itself. The average response in terms of change in arterial pressure 
from that existing before injection is given in table 3. 

It can be seen from the table that there Avas no significant change in the blood 
pressure response to epinephrine from that obseiwed at normal body temperature, 
in either the hj-potheimic or febrile chickens. Therefore, there is no significant 
difference in the A’-ascular responsiveness to the pressor stimulus applied. It 
AA'as of some interest to note in tAA'o instances, in AA'hich the arterial pressure was 
verj’- low preagonally, of the order of 20/15, that injection of epinephrine caused 
a greater rise in pressure than indicated in table 3, viz., of the order of 140/140. 
It would thus seem that eA’-en at a time AA’hen the arterial pressure is falling rapidly 
to zero, the inability to mamtain pressure Avould appear to lie outside the realm 
of the responsiA'eness of the A’ascular tree itself. 
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The time required for the blood pressure to return to the pre-ephinephrine 
level was about 6 minutes when the animals were at 42° C., and was not signifi- 
cantly changed at 44° C. However, cooling of the animals caused an increase 
in the time required. At 35° an average of 19 minutes elapsed, and at 30°, 10 
minutes was required. 


DISCUSSION 

In this study we set out to discover if a relationship could be established be- 
tween the bodj’- temperature and the arterial pressure of a warm-blooded ani- 
mal, the chicken, similar to that which has been noted in the frog (4) and in the 
turtle (1,5). Such a relationship appears to hold, comparable in general to that 
in the poikilotherm, except that the normal pressure level seen in the chicken 
is much higher, being about 135/120 mm. Hg. Lowering of the body tempera- 
ture results in a progressive fall in arterial pressure with a return to control values 
as the animal is rewarmed. Warming the animal above the normal body- 
temperature level does not necessarily cause a further rise in pressure and usually 
leads in time, at higher temperature levels, to a fall in pressure. 

It is worthy of note that the normal blood pressure of the few mammals with 
which we have had e.xperience in this laboratory, the rat, rabbit, dog and man, all 
have diastolicpressures in the mature animal, ranging about 80 ± 20 mm. Hg on 
the average, and body temperatures ranging between 37 and 39° C. (6-8). The 
chicken, which has a higher normal body temperature, also has a higher diastolic 
pressure, averaging about 120, a level which would be considered hypertensive 
in the mammal. 

The mechanism of the relationship between the body temperature and the 
arterial pressure in the chicken is not yet elucidated. However, our epinephrine 
experiments suggest that the changes in pressure are not due to changes in the 
reactivity of the blood vessels at 'I'acious body temperatures, since the response 
to a standard dose of epinephrine is similar in animals at normal body tempera- 
ture, animals cooled as low as 30° and those warmed as high as 45° C. It prob- 
ably is not related to the changes in heart rate seen with body temperature 
change, since at temperatures above 42° C. the heart rate increases consistently 
while the blood pressure may remain unchanged or even fall. Its possible de- 
pendence on changes in cardiac output remains to be determined, although it 
may be inferred from the large changes in heart rate that significant changes in 
cardiac output must also occur. 

' A clue to the mechanism of the temperature-pressure relationship is obtained 
in our experiments on the turtle. By sectioning the ceiwical spinal cord or de- 
stro 3 '’ing the brain, we have been able to eliminate the temperature-pressure re- 
lationship, after which the blood pressure remained imchanged regardless of 
body temperature change (3). This held despite the fact that changes in heait 
rate with temperature continued as before the interruption of the higher ner- 
vous pathways. Also in the turtle the blood-pressure response to epinephrine 
was unchanged following destruction of the brain or section of the cord, in- 
dicating, as in the present experiments in the chicken, that no measuiable 
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alteration in the reactivitj^ of the blood A'-essels to epinephrine occurs at changed 
body temperature (3). 

These data support a working h3'pothesis developed in this laboratory (9) 
that there is a direct control of the blood pressure by the brain which serves to 
maintain an adequate suppty of blood for the metabolic needs of the body. As 
the metabolic needs change with changing body temperature, an active adjust- 
ment operating through the nenmus system is made in the head of pressure 
driving the blood through the vascular system to the tissues. That the blood- 
pressure adjustment is not the only one which occurs is clear from our earlier 
findings that in the chicken, at least, the blood sugar decreases with falling body 
temperature and increases as the animal is rewarmed (10). The present experi- 
ments are similar except that the point of attack is the circulatory system. 

The maximal body temperature for which this temperature-pressure mecha- 
nism can adjust appears to be the normal body temperature of the animal, about 
42° C. in the present case of the chicken. At temperatures higher than this, the 
mechanism does not continue to function adequately, and this breakdown in 
function may play a role in the death of the animal. 

SUMMARY 

1 . A simple method for measuriirg the direct arterial pressure of the unanesthe- 
tized resting chicken is described. 

2. The average blood pressure of the unanesthetized resting chicken is 135/ 
120, with a standard deviation of 11 mm. Hg. 

3. Lowering of the body temperature of the chicken causes an immediate 
progressive fall in the blood pressure. Rewanning causes a rise in pressure with 
a return to the control blood pressure when normal body temperatures are again 
achieved. 

4. Warming the chicken above the normal body temperature causes variable 
changes in the arterial pressure at first, but in all cases the pressure finally falls 
rapidly at about 45° C. 

5. The changes in pressure do not appear to be due to changes in the respon- 
siveness of the blood vessels or to changes in the heart rate. It is suggested 
that they are due to a mechanism residing in the brain. 

0. Some implications of these data are discussed. 
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During the course of a series of experiments dealing with the use of concen- 
trated plasma and serum in the treatment of oligemic shock in dogs, a peculiar 
transient lowering of the mean arterial blood pressure was noted and recorded 
(1,2). It soon became apparent that this phenomenon was related to multiple 
factors prominent among which could be included the concentration of the 
solutes and the speed of administration in relation to the size of the animals. 

The effect was termed the ‘transient depressor effect’ of concentrated solu- 
tions (1) and the present report is an account of experiments designed to deter- 
mine the mechanism of its production. 

METHODS AND RESULTS 

All animals used in these experiments were healthy, mature dogs weighing 
from 8 to 16 kgm. Sodium pentobarbital anesthesia was used and the trachea 
was cannulated routinely. Blood pressure was obtained from the carotid artery 
using a mercurj’- manometer uath a float mating point recording on a smoked 
drum. A heparin solution was used in the blood pressure recording system to 
avoid the interfering blood pressure effects of sodium citrate during the 'hypo- 
tensive phases. Injection time was recorded by a signal magnet on a drum of 
constant speed and by the use of a stop watch. Plasma, serum, glucose and 
sodium chloride solutions were used in strengths that were hypertonic (3-10 X) 
and isotonic to normal blood plasma. A hypertonic albumin solution was also 
used. 

As seen in line 2 of table 1, intravenous injections of 50% glucose in doses as 
low as 0.83 ml. per kgm. or at rates as low as 0.11 ml. per kgm. per second con- 
sistently caused a drop in mean arterial pressure. Even greater lowering of 
blood pressure resulted from the injection of 10% sodium chloride in comparable 
volumes and rates (line 3, table 1). However, there was no absolute correla- 
tion between the rate and volume of the injection and the amount of depression 
of the blood pressure. In general, the same effect was obsenmd foUoudng rapid 
injection of concentrated human plasma (line 4, table 1) or a 25% solution of 
albumin (line 5, table 1). 

When the rate of injection of similar doses of the same hypertonic prepara- 
tions was slowed to less than 0.04 ml. per kgm. per second, only 3 of 70 injections 
produced a drop in mean arterial pressure exceeding 5 mm. of mercury Gi®®® 

516 



TAm>K 1. Effect of rale and site of injection of isotonic and hypertonic solutions on arterial blood pressure 
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Values in parentheses are averages. 
‘ Significant decrease in 1 instance. 

- Significant decrease in 3 instances. 
“ Significant decrease in 2 instances. 
‘F’ indicates ventricular fibrillation. 
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Fig. 1. Effect on arterial blood pbessixbe and organ volume of intravascular 
injections of isotonic and hypertonic solutions. 

6-8, table 1). The gi'eatest drop was 16 mm. mercury. Usually, there was a 
slight increase in blood pressure during such slow injections (second injection 
of B of fig. 1). 
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^The above data establish the fact that rate of mjection is an essential factor 
in producing the ‘transient depressor effect.’ 

Evidence that rapid intravenous injections of isotonic solutions do not lower 
the blood pressure is given in line 1, table 1.. The volumes of solution and in- 
jection rates were in general as great as nuth the hypertonic solutions but a sig- 
nificant drop in blood pressure was encounteredfoUovfing only one of 23 injections. 
Not infrequently the injection of isotonic solutions produced a brief rise in blood 
pressure followed by a short decrease below the starting level (first injection 
of A of fig. 1). These fluctuations were gi-eater -with larger volumes and were 
entirely different in character from the type of blood pressure change elicited by 
the injection of hypertonic solutions. The slight transient drop observed ap- 
peared to be the result of overshooting of compensatory reactions called forth 
by the initial rise. 

The blood pressure changes resulting from rapid injections of hypertonic solu- 
tions usually followed a characteristic pattern as shomi in A, B, and C of figure 

I. A slight rise at the start usually occurred, but this was followed by a depres- 
sion which was much greater than the initial increase. The depression was 
much longer than noth isotonic -solutions and was usually diphasic. The first 
phase lasted 15 to 20 seconds and was more variable than the second phase. 
The second drop was nearly always gi-eater and each time it lasted longer (45-60 
seconds) than the first. The second rise was the most variable of the curve 
components and at times lyas entirely absent as exemplified in D of figure 1. 

Since a characteristic and consistent drop in blood pressure resulted ^vhen 
hypertonic solutions were injected rapidly, it seemed desirable to devise e.xperi- 
ments which would indicate the mechanism of its production. Two possibili- 
ties were considered: one, a sudden vasodilatation and two, a decreased' cardiac 
output. 

Oncometer tracings measuring Iddney, spleen and intestinal loop volume 
changes were made when hypertonic solutions were rapidly injected into the 
femoral vein, carotid blood pressure changes being recorded simultaneous^. 
On 40 occasions 10 to 15 ml. of 50% glucose were injected in 4 to 6 seconds into 
the femoral vein and' in each instance the depressor effect was noted and at the 
same time the oncometer tracing registered a decreased organ volume (B and 
C of fig. 1). Thus, the visceral volume underwent passive changes that con- 
formed as 'to direction 'swth the changes in arterial pressure. On 12 occasions,' 
similar volumes of isotpnic ^solutions were injected rapidly (4-6 seconds) into 
the femoral vein. Negligible to no changes were observed in both blood pres- 
sure and oncometer tracings. 

l^enous pressure measurements were made in one femoral vein while rapid 
injections of hypertonic solutions were given in the other femoral vein. A 
composite cun''e of 8 such series of measurements is given in figure 2. A rise in 
the femoral venous pressure began around 30 seconds after the injection, reached 
its maxindiim at about 55 seconds and gi-aduallj'- returned to the pre-injection 
lei'el after 3 to 4 minutes. At times the return to normal was much quicker. 
The average peak elevation of venous pressure above control values was 7.8 to 

II. 8 cms. H;0. When these changes were compared noth the arterial pressure 
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changes (depressor effect) a correlation was obtained. The elevation in venom 
pressure became prominent some seconds after the major depressor change ii 
arterial pressure occurred. 

The measurements of organ volume and venous pressure changes pointed t( 
a decreased cardiac output rather than to vasodilatation as the cause of th( 
transient depressor effect following rapid injections of hypertonic solutions b} 
vein. However, none of the above experiments indicated -whether this was i 
direct action on the cardiac muscle or a reflex pbjenomenon. 

Electrocardiographic records revealed that no appreciable changes in hearl 
rate occurred during the reaction. In fact, no consistent changes of any kind 
were seen in the electrocardiograms. On occasions there was a decrease in the 



INJECTION TIME- SECONDS 

Fig. 2. Relation of i'enous .and arterial blood pressure changes following rapid 
injections of hypertonic solutions into the femoral vein. 

amplitude of the R wave and in a few instances there was a transient inversion 
of the T wave. There also occurred occasionally an elevation of the S-T seg- 
ment. The absence of marked changes in heart rate indicated that the effect 
was directly on the myocardium rather than through a reflex mechanism since 
in cardiac reflexes the chronotropic factor is commonly more pronotmced than 
the inotropic. To evaluate any neurogenic elements in the reaction, the vagi 
were sectioned in 5 dogs and hypertonic solutions were injected rapidly into the 
femoral vein. The depression of arterial pressure occurred as in the intact 
animal. The same was true of another group of dogs which were atropinized. 
Since the action of the heart may be influenced by nervous mechanisms not in- 
volving the vagi, a group of dogs -were pithed (destruction of brain and spinal 
cord) and then given rapid injections of 50% glucose into a femoral vein. Fol- 
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lo\ving the pithing procedure, artificial respfi-ation was instituted and thus the 
animals could be maintained in a steady state for hours. Pithing resulted in 
a steady but very low mean arterial blood pressure. At this low blood pressure 
level, rapid intravenous injections of 50% glucose produced only a slight depres- 
sion in the arterial blood pressure (line 2, table 2). This same diminution in 
depressive response was observed in dogs in which hypotension had been pro- 
duced by hemorrhage (line 4, table 2) . When a solution of adrenaline was slowly 
infused into a femoral vein of pithed dogs, a relatively normal blood pressm-e 
level could be maintained, and when 50% glucose was then injected rapidly the 
drop in blood pressure averaged 50 mm. Hg and the characteristic curve was 
traced (E of fig. 1 and line 3, table 2). Thus the depressor effect under these 
conditions equaled in magnitude that occurring in the anesthetized intact animal. 


Table 2. Relation of the hypotensive effect of hypertonic solution to the pre-injection blood 

pressure 


num- 

ber 

OF 

ANI- 

MALS 

SOLU- 

' tion 

IN- 

1 JFCTED 

SITE or 
injection 

1 

CONDITION AND PRE- 
INJECTION ifEAN AR- 
TERIAL PRESSURE 

VOLUME OF 
INJECTION 

1 

1 

RATE OF INJECTION 

1 

t 

' CHANGE IN MEAN 
ARTERIAL PRESSURE 

5 

50% 

glucose 

Femoral 

vein 

[ Normal 

124-175 (157)1 

ml/kg. 

1.0 -1.7 (1.42)1 

1 villkg./sec. 

0.16 -0.37 (0.27)1 

-33 to -64 (-48)1 

5 

50% 

glucose 

Femoral 

vein 

Pitlied 

43-04 (52) 

1.40-1.74 (1.59) 

0.300-0.414 (0.335) 

0 to -14 (-8) 

5 

50% 

glucose 

Femoral 

vein 

Pithed plus epinephrine 
122-164 (140) 

1.22-1 .80 (1.53) 

0.102-0.414 (0.267) 

-28 to -70 (-50) 

S 

50% 

glucose 

Femoral 

vein 

TTemorrhaged 

70-84 (78) 

1.07-2.05 (1.68) 

0.119-0.332 (0.258) 

-10 to -36 (-28) 


* Values in parentheses are averages. 


It then became evident that the transient depressor effect was not neurogenic 
in origin but resulted from a direct response of the heart to hypertonic solutions. 
Therefore, injections at any part of the cardiovascular system permitting the 
undiluted solution to reach the heart should result in a drop in the blood pres- 
sure. To test this assumption, rapid injections of hypertonic and isotonic solu- 
tions were made into the left ventricle, right ventricle, root of aorta, abdominal 
aorta and femoral arter 3 ^ Lines 9 to 15 of table 1 show the results. Rapid 
injections of hj-pertonic solutions into the heart chambers and the root of the 
aorta produced the usual depressor effect; injections into the abdominal aorta 
or femoral arteiy elicited no drop in blood pressure but in most instances re- 
sulted in a rise. Rapid injections of isotonic solutions produced no drop in blood 
pressure regardless of the site of the injection. 

Since solutions injected into the root of the aorta could not directly enter the 
chambers of the heart but could enter the coronary circulation, hj'pertonic 
solutions entering the coronary circulation appeared to be the common factor 
explaining results obtained by injections at various sites. A procedure was 
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developed whereby injections could be made directly into the interventricular 
branch of the left coronaiy artery very near its origin from the main arterjL 
Injections were made against the blood stream. Here, injection rates of less 
than 0.04 ml. per kgm. per second of hypertonic solutions regularly elicited the 
transient hypotension. This was true with volumes as low as 0.4 ml. per kgm. 
of 30% glucose or 5% sodium chloride, and with still smaller injections of more 
concentrated solutions. Control injections of isotonic solutions had no effect 
or resulted in a brief increase in blood pressure. Results of injections directly 
into the coronary circulation may be seen in lines 16 to 22 in table 1. Unlike 
injections into the femoral vein, these injections resulted in a blood pressure 
curve showing only a single depression; in no instance was it diphasic. The 
lack of diphasic configuration was also noted following injections into the left 
ventricle and root of the aorta. Injections into the right ventricle, on the other 
hand, produced curves such as previously described for femoral vein injections. 
A typical blood pressure response to rapid injection of a hypertonic solution into 
the coronary artery may be seen in F of figure 1 . 

DISCUSSION 

In our search of the literature, a dearth of references dealing specifically u'ith 
the effect of the intravenous administration of hypertonic solutions on blood 
pressure has been encountered. Retzlaff (3) in studying the efficacy of hyper- 
tonic salt solutions in restoring blood pressure after hemorrhage reported a 
transient further drop in the already low arterial pressure. In one instance, an 
injection of 3 ml. of 10% sodium chloride in the cat resulted in a monophasic 
drop in blood pressure similar to those we have encountered. Bernshtein (4) 
found that the intravenous injection of 10% sodium chloride or 50% glucose in 
the dog resulted in a temporary fall in blood pressure accompanied by an in- 
crease in heart rate. The fall in blood pressure was attributed to vasodilatation. 

Hamm and Pilcher (5) in their experiments on cerebral blood flow observed 
that wth the intravenous injection of 30% sodium chloride, a transient fall in 
arterial pressure resulted which may have been similar to the effects we have 
described. Apparently no significance was attributed to this initial effect and 
no attempt was made to determine the mechanism involved. 

The hypotensive reaction we have observed following intravenous injections 
of h 3 ’'pertonic solutions is quite unlike the reactions described by Hanzlik and 
Karsner (6) and designated as ‘anaphylactoid’. In our experiments the reaction 
is elicited by substances entirely physiologic in nature except for concentration. 
In some of our dogs given human plasma and human serum intravenously, we 
have observed on the first injection reactions similar to those described by 
Hanzlik and Karsner but this tj^pe of hypotensive reaction develops much more 
slowlj'-, the recoveiy period is much longer and identical responses result whether 
the injection is made rapidly or slowty. After recoveiy from the ‘anaphylactoid 
reaction’, the animal is refractory to a second injection. However, at this time 
a rapid injection of an}’’ stronglj’’ hypertonic solution results in a typical hj’^po- 
tensive response. 
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Hirshfeld, Hyman and Wanger (7) concluded that the rapid intravenous 
injection of any molecular species results in widespread disturbances to which 
the term 'speed shock’ was applied. The claim is made that concentration of 
the solution is not a factor in the production of this phenomenon, and that rapid 
injection of small volumes of isotonic solutions is effective in its elicitation. 
In our experiments udth dogs anesthetized with pentobarbital sodium, we have 
found the rate of injection of small volumes of pharmacologicallj’- inactive sub- 
stances to be entirely vdthout significance. We do not believe that the intra- 
venous injection of 1 to 5 ml. of such solutions as 0.1% sodium chloride or 0.9% 
sodium chloride ever produces a shock-like state in a dog no matter how rapid 
the injection, because in repeated control experiments with 0.9% saline and 5% 
glucose solutions using volumes larger than those employed by Hirshfeld and 
co-workers and injecting at faster rates, we have never observed so-called 
‘speed shock’. 

We are convinced that the phenomenon which we describe is due entirely to 
the osmotic effect of the solution used and that the only significance of the rate 
of injection is related to the concentration attained in the coronaiy circulation. 
Our observations indicate that the rapidly injected volume of solution travels as 
a concentrated mass through the chambers of the heart and the pulmonary cir- 
culation and reaches the coronary vessels without sufficient dilution from ad- 
mixture vdth blood or from fluid uptake in the lungs to interfere udth the phe- 
nomenon. That the coronary circulation is the site of action is indicated by the 
fact that the lypotensive response ensues only when the concentrated solution 
is introduced at some point from which the coronary circulation is reached with- 
out traversing a set bf systemic capillaries. 

An interesting observation is that the hypotensive response is commonly 
diphasic when the hypertonic solutions flow through the chambers of the heart 
and monophasic when injection is made into the root of the aorta or directly 
into a coronarj’- artery. In' the latter instances, only the second or main depres- 
sion of arterial pressure is elicited. It is conceivable that the less constant 
first depression results from a direct action on the myocardium while the solu- 
tions are within the chambers of the heart. The injection of strongly hypertonic 
solutions into the coronary artery produced a readily observable constriction 
of the vessels ivhich quicldy disappeared at the termination of the injection. 
The decreased blood supply to the myocardium may be a factor in the depressor 
response but the direct effect on the myocardium is, we believe, the more sig- 
nificant. 

Concentrated protein solutions have been given intravenously to patients for 
various clinical reasons. On occasions w'hen these solutions have been given at 
lates of 50 ml. in 30 to 60 seconds, a transient increase in pulmonar 3 '’ ventilation 
has been noted (8). Prominent hjTiotensiYe changes have not been obsen’-ed 
but could have been missed since we have not used continuous recordings of blood 
pressure in rnan.^ Inasmuch as augmented respiration occurs during the lypo- 
tensive reaction in the dog and presumably as a consequence of the decreased 
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arterial pressure, it may be that the respiratory changes observed clinically are 
indicative of similar circulatory changes. 

SUMMARY 

Rapid intravenous injections of hypei’tonic solutions in dogs produce a marked 
transient drop in arterial blood pressure. This does not occur if hypertonic 
solutions are injected more slowly or if isotonic solutions are given rapidty. On- 
cometer recordings of organ volumes indicate that the hypotension is not due 
to vasodilatation. Venous pressure studies pomt to a decreased cardiac output 
as the causative factor. It is further found that rapid injections ofhypertonic 
solutions into the right or left ventricles or the z*oot of the aorta result in a sudden 
lowering of arterial blood pressure but the same injections into the abdominal 
aorta or femoral artery do not. This transient depression of blood pressure 
occui's in the vagotonized or atropinized dog or even when the brain and spinal 
cord are destroyed by pithing. Finally, this hypotensive effect is reproduced by 
injections directI}'’ into the coronar3'’ arteries but onlj'’ if hypertonic solutions 
are used. 
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Numerous reports have appeared concerning the effects of chronic starvation 
on the blood of adult animals (1-7). Miller, Friedman and Deuel (8) have 
noted the influence of caloric restriction on the blood components of the young 
rat, and Keys et al. (9) have investigated rehabilitation from semistarvation in 
' adult men. Yhere are, however, no data in the literature on the effects of re- 
alimentation and recovery from chronic starvation in young g^o^ving animals. 

Methods. 70 young male albino rats, 30 days old and of about 50 grams 
weight, were placed in individual cages and chronically starved for 12 weeks by 
restriction to a qualitatively adequate ration, adjusted daily to maintain a con- 
stant body weight. Measurements were made on the blood of 10 rats at the 
end of the underfeeding period. The remainder were refed for an additional 8 
weeks and were studied at the close of this time. Determinations on the numbers 
of red and white cells and on the specific gi-avity of the whole blood were made 
on blood taken from the tip of the tail. The specific gravity of the plasma, the 
hemoglobin, hematocrit, non-protein nitrogen, plasma protein and blood sugar 
were determined on blood which was drami from the heart with a ‘heparinized’ 
syringe after anesthesia by nembutal. In addition to the experimental animals, 
similar terminal data were collected on two control groups of 10 rats each; one 
was the same weight as the starved rats and the other was the same age as-the 
starved rats. Progi-essive changes in the total red and white cells and in the 
specific gravity of the blood during starvation and recovery were determined on 
a separate group of rats by taking blood from the tails at f-day intervals. Par- 
allel progressive studies were made on 10 young normal rats of the same initial 
weight as those which were to be staiwed. 

The hematocrits Avere determined by centrifuging for one hour at 2500 R.P.M. 
with the blood in a Wintrobe tube. Total white and red cell counts Avere de- 
termined by emplojdng standard dilution pipettes, diluting fluids and hemocytom- 
eters. Hemoglobin w'as determined by the Sahli method. The specific grav- 
ity of the Avhole blood and of the plasma AA'ere determined by the copper sulfate 
method of Phillips ci aL (10). Plasma protein A'^alues AA'ere calculated b3’- use of 
the nomogram of these authors. Blood N.P.N. AA'as determined by nessleriza- 
tion after digestion with an acid digestion mixture. Blood sugar Avas determined 
bA" the Folin-Wu method. All colorimetric determinations in connection AAuth 
the above AA^ere made Avith a Klett colorimeter. 

Results. The effects of chronic starvalion on ihe blood. Terminal data are 
summarized in table 1. The plasma protein, hemoglobin and hematocrit values 
of the j'-oung underfed rats A\-ere higher than in normal rats of the same AA'eight 
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and lower than in normal rats of the same age, indicating that these features of 
the blood continued to increase Avith age during caloric restriction, although at 
a reduced rate. These results may be at Am-iance with those of Miller, Friedman 
and Deuel (8) who considered the blood of underfed rats similar to that of noimal 
rats of the same weight and interpreted the blood values as a function of size or 
maturation. 

The fact that in the experimental animals the red cell count and specific grav- 
ity of the blood obtained from the tail Avere nearly noimal, AA’-hile the hematocrit, 
plasma protein and hemoglobin of the blood obtained from the heart were de- 
creased, may indicate that semistarvation in young rats produces a redistribu- 
tion of the blood effecting a relative peripheral hemoconcentration. This result 
is interpreted as a compensation mechanism. The marked increase in the red 
cell count and the specific gi-avity of the blood during early starvation as shoAvn 


Table 1. Effects of chronic starvation and recover}] on the hematocrit, red and white cell 
manbers, specific gravity, non-protein nitrogen, plasma protein, 
hemoglobin, and sugar of the blood of the young rat 


EXPER. GEOEP 

HEMA- 1 
TOCRIT 

'spEaric 
GHAVITV 
OF BLOOD 

NON- j 
PROTEIN ' 
NITROGEN 

PLASMA j 
PROTEIN 

BLOOD 

SUGAR 

HEMO- 

GLOBIN 

iRED CELL , 
NUMBER 

i 

lUTIITE 

CELL 

NUMBER 

1 

1 

per cent 


(rngm.l 
100 cc.) 

izramj 
100 cc.) 

(msm./ 
100 cc.) 

per cent 

{/cu. mm.) 

(/c». mm.) 

Normal (30 daj's). 

33.0 



3.77 


64.0 

5,873,000 

9,855 

Starved 

41.0 

H 


4.85 


78.3 

8.557.000 

8.609.000 

5,405 

14,000 
! ’ 

Refed 



5.40 


89.8 

Normal 

(6 months) 

47.0 

1 

! 1.0600 

1 

43.2 

5.48 

110.5 

92.0 

8,920,000 

20,130 


^ JDeterminations made on blood from tip of tail. 


in figure 1, may be further evidence of this circulatory adaptation, the effecth'^e- 
ness of which waned as underfeeding Avas prolonged. 

At the end of the starA^ation period there Aras only a slight difference betiveen 
the specific gravity of the blood of the underfed rats and the blood of noimal 
rats of the same age. This result is in agreement Avith Benedict (2), AA^ho states 
that there is no material variation in the density of the blood as a result of star- 
vation, and with Lust (11), who found that the blood in chronic malnutrition 
changes but slightly in water content. Obseiwations of a hydremia, hoAA^ever, 
haA^e been reported by Jacl<son (1) and Henschel cl al. (12). In this experiment 
one might haA’’e expected such a hydremia AAoth the relatively increased Avater 
intake which was observed in the starved rats. Since the density of the blood 
did not change, it must be that there Avas a retention of AA^ater by tissues other 
than the blood or an increased loss of water for metabolic and excretory purposes. 

Figure 2 reA^eals that a gradual reduction in total white cells appeared during 
staivation. This result is in agreement with related investigations made by 
Ershoff and Adams (5), Wright and Skeggs (6) and Keys et al. (7). Only Minot 
(13) found the AAKite count unaltered after prolonged underfeeding. No measure- 
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ments were made in this study which explains the mechanism of this leucocyte 
reduction. Morgulis (4) states that the quickness of the onset of leucopenia 
shows that it cannot be due to a failure of new cells entering the blood stream 
but to migration of leucocytes into the intestinal wall and lumen. HoAvever, as 
presented in figure 2, no such sudden leucopenia occurred in the young semi- 
starved rats of this experiment. Consequently, if the suddenness of leucocyte 
decrease in inanition constitutes the proof of leucocyte migration, then this in- 
vestigation does not necessarily corroborate such an interpretation. 

It would be expected that acute starvation would increase the blood N.P.N. 
because of the ultimate catabolism of body proteins as a source of energy. There 
remained the question, however, of the effect of semistarvation in which enough 
food was provided to meet all energy demands except growth. The high N.P.N. 
in the underfed rats of this study could not have been due exclusively to the 



Fig. 1. Red cell number and specific gravity of tbe blood during 12 weeks’ chronic starva- 
tion and 8 weeks’ recovery. 

Fig. 2. Alteration in the total leucocj’te count during 12 weeks’ chronic starvation and 
8 weeks' recovery. 

metabolism of body proteins since enough carbohydrates and fats were permitted 
in the daily ration to prevent progressive weight loss by utilization of body tissues 
for energy. It appears necessary then to look elsewhere for an explanation. 
Schaffer and Lee (14) state that the N.P.N. is decreased hy the growth hormone 
and conclude that the latter is a stimulant of protein anabolism. Teel and 
Cushing (15) and Teel and Watkins (16) find a similar reduction in N.P.N. as a 
result of injection of an extract of anterior pituitary. Braier (17) reports a 
decrease in nitrogen excretion after hypophysectomy. It is clear from the work 
of these men that the pituitary gland and its growth hormone have a profound 
effect on nitrogen metabolism. Since, as Mulinos and Pomerantz (18) have 
shouTi, chronic malnutrition creates a condition of pseudo-hypophj'’sectomy, it 
may be that the high N.P.N. in the underfed rats of this experiment is directly 
e.xplicable as a result of a functional alteration of the pituitary. The only other 
feasible cause for such a high N.P.N. rvould be a relatively small fluid in com- 
parison to the nitrogen to be excreted, as mentioned by Bray (19). It is un- 
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likely that this explanation is valid, however, since as alreadj’- noted the animals 
during starvation used large amounts of water in proportion to food intake. 

No significant alteration in the blood sugar appeared in the starved rats of 
this investigation. This result is in contrast with a similar t 3 ’’pe of starvation 
conducted on adult human males by Keys el dl. (8) in which a progressive fall 
in blood sugar was observed. The age maturity difference of these human sub- 
jects as contrasted with the j'^oung immature rats used in this experiment proba- 
blj’- accounts for the difference in results. 

The effects of refeeding on the blood. Table 1 shows that the recoveiy of the 
plasma protein, hemoglobin, total leucocyte and hematocrit values was nearly 
complete after 8 weeks refeeding. At the end of this recovery period the red 
cell count, specific gravit}'- of the blood and the blood sugar remained within the 
normal range. The blood N.P.N. was also restored to a normal value, indicat- 
ing that the phase of pituitaiy function associated with protein metabolism 
had fully recovered. 

Figure 1 shows a marked reduction in specific gravity of the blood during early 
refeeding. Comparison with figure 2 reveals that there was a concomitant leu- 
cocytosis. This recovery hydremia was transient and was probably due to the 
relatively rapid regeneration of the plasma. A similar hj^dremia during refeed- 
ing has been mentioned by both Rosenstem (20) and Jackson (1). 

. SUMMARY 

The plasma protein, hemoglobin and hematocrit of young semistarved rats 
were higher than in normal rats of the same weight and lower than in normal 
rats of the same age. These values continued to increase with age during caloric 
restriction, but did so at a rate which was less than that in fully fed growing 
rats. 

During imderfeeding the peripheral blood of the starved rats had a gi-eater 
density and red cell count than the blood of normal rats of the same weight, 
but this difference became less marked -with time so that at the end of the starva- 
tion period the values were nearly the same. This relative^ high density and red 
cell count of the peripheral blood, together with the reduced hematocrit, hemo- 
globin and plasma protein found in blood dravm from the heart, ma 3 '' indicate 
that chronic starvation in young rats produced a redistribution of the blood so 
that there was a relative peripheral hemoconcentration. 

Chronic starvation did not significantly alter the blood sugar, but there was 
a marked increase in the N.P.N. and a gradual decrease in the white cell number. 

A hydremia and leucocytosis occurred almost immediately upon realimenta- 
tion, as shovTi by the decrease in the red cell count and the specific gravity. 
This effect was temporary and in early recoveiy the density and white cell count 
of the blood were rapidly returning to noimal. 

At the end of the refeeding period the blood had recovered to the extent that 
it presented a normal or nearty normal picture in all respects studied. 
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It has been kno^^^l for at least a century that stan'^ation or low carbohydrate 
intake causes certain abnormalities in the carbohj’-drate metabolism of animals 
and human beings. Claude Bernard (4) noted glycosuria in dogs given food 
after a period of staiwation. It is now well known that, following a period of 
low carbohydrate intake, the glucose tolerance curve is higher and longer than 
normal (‘starvation diabetes’, 2, 3, 11, 18). Only the previous carbohydrate in- 
take, not the fat, protein or total caloric intake, determuies the form of the glucose 
tolerance curve (10). 

The blood sugar curve after insulin injection is likewise dependent upon the 
previous diet, being steeper after a high catboh 3 ’'drate intake (1, 10, 19). 

An abnormally low rise of the respiratory quotient after glucose administra- 
tion has been found in animals after prolonged starvation or a low carbohydrate 
intake (9). After a short period of low carbohydrate diet the RQ response has 
been found normal (12) and after a moderately low carbohydrate intake (20-25% 
of the calories) the RQ curves after glucose have been found even higher than 
normal, in spite of the fact that the blood sugar curves showed the usual starva- 
tion diabetes pattern (13). 

It has also been shown that fasting animals, which have previously been kept 
on a low carbohydrate diet, deplete their carbohydrate stores’ more slowly and 
survdve longer than animals kept on a high carbohj'^drate diet (17). Finally it 
has been found that the rise of blood pynivate after glucose administration is 
abnormally sluggish in persons who have fasted for 6 daj'-s (20). 

The exact cause of these abnormalities is not known. The insulin content of 
the pancreas is low on a fat diet (5), but the abnormal blood sugar curves after 
insulin injection show that this cannot be the sole determining factor. The dif- 
ference between fasting animals previously fed carboh 3 ’'drate or fat persists after 
hypophysectomy (16). 

The above results have been obtained by observing what happens when car- 
bohydrate is administered after a period of starvation. No studies seem to have 
been performed on the spontaneous food intake on change from a low to a high 
carboh 3 ’’drate diet. 

Investigation of hj'-pothalamic obesity has brought into the foreground the 

* These experiinents were aided by a grant from the Life Insurance Medical Research 
Fund to Drs. C. N. H. Long and John R. Brobcck. 

- Universit 3 ' of Copenhagen Fellow and James Hudson Brown Memorial Fellow. 
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.problem of regulation of food intake (6, 8). From these studies it is seen that 
the primary, if not the only demonstrable disturbance in these animals after 
hypothalamic lesions, is a “greatly increased food intake. It was, therefore, 
thought of interest to study on different diets the spontaneous food intake of 
normal animals and animals with hypothalamic lesions, and especially the effect 
of changing the animals from a period of carbohydrate starvation to a diet 
rich in carbohydrate. 


METHODS AND DIETS 

Plateaued female rats of the Sprague-Dawley strain have been used through- 
out. During the experiments the animals were kept in a constant temperature 
room at 86°F. They were allowed to eat the different diets ad libitum. The 
food intake was determined each day by weighing the food cups, and the animals 
were weighed three times a week. In the experiments ^vith changing diets the 
animals were kept in metabolic cages for the collection of urine. Methods for 
blood sugar and urinary glucose were the same as described in earlier papers 
from this laboratory (6) . The hypothalamic lesions were made with the Horsley- 
Clarke instrument as described earlier (6). 

The diets had the following composition: 


CARBOHYDRATE DIET 

FAT I>JZT 


grams j 


grams 

Sucrose 

710 : 

Sucrose 

0 

Lard 

0 

Lard 

315 

Casein 


Casein 

200 

Corn oil 


Corn oil 

50 

Osborne-Mendel 


Osborne-Mendel 


salt mixture 

40 

salt mixture 

40 


1000 


605 


To the diets was added a vitamin mixture which supplied the following 
amounts of synthetic vitamins to 100 grams of the carbohydrate or 60.9 grams of 
the fat diet: 


Thiamine 

mgm, 

0.20 

Biotin 

mgm, 

0.02 

Riboflavine 

0.30 

Folic acid 

0.05 

Pyridoxine 

0.25 

2-Meth5d -naphthoquinone 

0.10 

Nicotinic acid 

2.00 

Inositol 

10.00 

Pantothenic acid 

2.00 

Choline 

100.00 


In addition, 2 mgm. of a-tocopherol in halibut liver oil were given to the 
animals weekb". 

A difficulty was encountered with the casein used for the preparation of the 
diets. In the beginning commercial casein, obtained from Lister Bros., New 
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York, was used. Later this brand became unavailable and another kind had to 
be used, ‘Casein B3F' from Casein Co. of America, New York. Hereafter these 
two caseins will be referred to as casein A and B. ■ 

The substitution of the new brand of casein in the diets altered the food intake, 
pre.sumablybecauseofadifferentcontentof certain micronutrients (strepogenin ?). 



Fig. 1. tVEiGHT CURVES of rats fed carbohydrate or fat diet. Hypothalamic lesions 
were made at 0 weeks. 

As will be seen, however, this disadvantage did not materiallj'’ influence the 
principal results of the investigation. 

KESULTS 

Two kinds of e.xperiment were performed, (a) Normal animals and animals 
with hj'-pothalamic lesions were kept for a long period on either the carbohy- 
drate or the fat diet, (b) Normal animals and animals with h 5 '’pothalamic lesions 
were fed a carbohj’’drate and a fat diet alternately for short periods of 1-2 weeks. 
Casein A was used for the diets in the 3 first groups of experiments and casein 
B in the last one. 
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Normal anivials kept for 16 weeks on either a carbohydrate or fat diet. The 
food intake was uniform throughout this period for the 6 animals studied. The 
average caloric intake was 39 Calories per day on the carbohydrate diet, and 41 
Calories per day on the fat diet. In spite of this the animals on the fat diet 
gained on the average 0.6 gram per day, while the animals on the carbohydrate 
diet kept their weight practically unchanged. 

After 16 weeks casein B was substituted in the diets. Following this change 
the food intake of the animals on the fat diet increased about 10%, while no in- 
crease was seen on the carboh 5 '-drate diet. 

Animals with hypothalamic lesions on either carbohydrate or fat diets (fig. 1). 
The food intake was higher immediately after the operation on the fat diet and 
stayed high. On the carbohydrate diet the intake increased in the course of the 
first week to a level which was lower than the level of the fat-fed animals and then 
fell off after 3 weeks. The animals on the fat diet gained weight more rapidly 
and for a longer time than the animals on the carbohydrate diet. The weight 
gain per calorie per day was significantly higher on the fat diet than on the carbo- 
hydrate diet, 0.066 gram/Cal/day as against 0.048 gram/Cal/day (t = 3.6; 
t 0.05 = 2.3). 

Animals with hypothalamic lesions on changing diets (fig. 2). Of 4 animals, 3 
were started on the fat diet, one on the carbohydrate diet. 

The animals started on the fat diet showed a higher caloric intake and a steeper 
weight curve on the fat diet than on the subsequent carbohydrate diet. After 
the second fat period, when the weight of the animals had increased greatly, 
the food intake on the carbohydrate diet was further reduced. In the two fattest 
animals it was negligible. The animal which was started on the carbohydrate 
diet did not show any significant change of caloric intake on change to the fat 
diet, while the weight curve increased in steepness. But after the subsequent 
Shift to carbohydrate diet a pronounced fall in food intake and weight occurred. 

Noimial animals on changing diets (Table 1). In this experiment casein B 
was used for the diets of the 6 animals. 

In the first period the food intake was higher on the fat diet than on the carbo- 
hydrate diet, just as in the last part of the first group of experiments where the 
same kind of casein was used. 

The pattern obtained by changing the diet was, however, essentially the same 
as in the obese animals on changing diets, except that no extra depression of 
carbohydrate intake occurred at the second change to this diet. The animals 
started on the fat diet showed a fall of caloric intake and weight on change to 
the carbohydrate diet. The animals started on the carbohydrate diet showed no 
change of food intake on changing to the fat diet but an increase in weight. 
Upon subsequent change to the carboh 3 '^drate diet a fall in caloric intake was 
seen as in the group started on the fat diet. After the first feeding period the 
food intake on the two diets was remarkablj' regular: on the carbohj'^drate diet, 
27.2-28.0-32.0 Calories; on the fat diet, 51.3-48.7-51.3 Calories. 

Certain of the animals showed in a few of the periods a tendencj’’ to ‘adapta- 
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BODY 600 
WEIGHT 
CG) 


500 


400 


300 


200 


FOOD 200 
INTAKE 

(CAL) 


B 




WEEKS I 2 3 4 5 6 



FOOD 200 
INTAKE 


(CAL) 


too 


WEEKS 


I 2 3 4 5 6 


Fig. 2. iveight and food intake curves of 4 rats with hypothalamic lesions during con- 
secutive periods cn fat or carbohydrate diet. 

(Solid columns — fat diet; open column — carbohydrate diet.) 
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tion’ to .the diets, i.e., a gradual fall of caloric intake after some daj^s on a fat 
diet or a rise after some time on the carbohydrate diet, respectively. 

Blood sugar and urinary glucose. The blood sugar of the obese animals on 
the two diets was followed every 4 hours for 24 hours. No significant difference 
was observed. On the carbohydrate diet all the animals, obese as well as normal, 
showed a slight glycosuria varying from traces to 0.2-0.4%. These small losses 
of glucose persisted throughout the carbohydrate feeding period, and are there- 
fore probably not comparable, to thie short glycosuria of hunger diabetes in dog 
or man. 


Table 1. Average values for caloric intake and weight change of normal rats during 
consecutive periods of £~S weeks on fat or carbohydrate diet 



PERIOD I 

FAT DIET 

PERIOD 2 

C.H. DIET 

PERIOD 3 

FAT DIET 

PERIOD 4 

C.H. DIET 


Cal/day 

•61.3 

mmgm 

51.3 

28.0 


Weight change, 
grams/day. . . 

-f-1.8 

H 

-fl.6 

-0.8 




PERIOD 1 

C.H. DIET 

PERIOD 2 

FAT DIET 

PERIOD 3 

C.H. DIET 

PERIOD 4 

FAT DIET 

Cal/day 


48. 9 

48.7 

32.0 

51.3 

Weight change, 
grams/day. . . 


+0.6 

-M.2 

-0.6 

+1-4 


DISCUSSION 

The principal finding in the experiments has been that the caloric intake is 
unchanged, both in normal and obese animals, on a change from a high car- 
bohydrate to a high fat, noncarbohydrate diet, while a considerable decrease is 
seen in both groups of animals on the reverse kind of change. This seems to 
indicate that the phenomenon is not simply one of different food intakes on 
different diets. The sequence of events is important ; a period of high fat intake, 
or carbohydrate staiwation, reduces the animal’s appetite for carbohydrate. 

It seems natural to tiy to relate the decreased food intake observed in our 
experiments to the above-mentioned abnormalities of carbohydrate metabolism. 
These abnormalities can be stated broadly by saying that normal animals have 
a certain limited ability to dispose metabolically of ingested carbohydrate. A 
reduction of this ability or capacity is found in hunger diabetes, i.e., after a period 
of starvation or carbohydrate undemutrition. Our results show that normal 
animals respond to this reduction by a decrease of food intake when carbohydrate 
diet is given after a period of high fat, carbohydrate-free diet. 

Hypothalamic lesions cause an increase of food intake on any diet. When 
the animak are fed a high carbohydrate diet they eat less than when they are 
fed a fat diet, as if their food intake were limited by their capacity to dispose of 
carbohydrate. If the animals are allowed to eat a fat diet after the operation 
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the}’- eat more, and if they are thereafter changed to a carbohydrate diet, a 
fall in caloric intake occurs. 

It is difficult to reconcile -what is known about the food intake of diabetic 
animals with the above findings. On the one hand we know that pancreatecto- 
mized animals have a high food intake on a high carbohydrate diet; on the other 
hand it has been shown in self-selection experiments that diabetic animals choose 
less carbohydi’ate than normal animals, thereby keeping free of glycosuria and 
other diabetic symptoms (15). 

In the experiments of Brobeck, Tepperman and Long (7) in which hypothala- 
mic lesions wei’e made in partially pancreatectomized, nondiabetic animals, a 
severe glycosuria developed with the onset of the high food intake. The pri- 
mary reduction of the capacity to dispose of carbohydrate, obtained by the 
partial pancreatectomy, seems to have made it impossible for these animals with 
augmented appetite to keep below their ‘limit of disposition’. 

The other result of our study, that the weight gain per calorie is greater on the 
fat diet than on the carbohydrate diet, is probably due to the fact that the animals 
on the fat diet do not have the cost of a transformation of carbohydrate to fat. 
If the specific dynamic action of the two diets used here were determined, a some- 
what higher rise would be expected by giving the carbohydrate than the fat 
diet. The demonstration of a greater weight gain, as compared with that on 
isocaloric intake of carbohydrate, might perhaps be of importance in view of a 
certain prevailing tendency to oversimplification of the relation between food 
intake and obesit}’. 

Finally, the finding of a greater depression of food intake by change from fat 
to carbohydrate in the animals with hypothalamic lesions, and especially the 
extreme reduction seen after the development of gross obesity, points to the 
fact that the obese state in itself is a determinant of the capacity of the carbo- 
hydrate-disposing mechanisms. This is in accordance Avith the slightly abnor- 
mal glucose tolerance curves found in obese animals by Brobeck, Tepperman and 
Long (7). The carbohydrate disposing mechanisms seem to be fitted to a cer- 
tain body size. When the weight of the animal is greatly increased after a period 
of hyperphagia, the caloric intake on a high carbohydrate diet falls off more 
rapidly than on a high fat diet, and the reaction to dietary change from fat to 
carbohydrate is e.xcessive. 

The special type of diabetes melitus in the obese, described by Newburg and 
Conn (14), which disappears after weight reduction, is probably related to this 
phenomenon. In human beings the appetite regulation is influenced by many 
more factors (habit, environment, psychological stractures, etc.) than in animals. 
Human diabetics — ^in contradistinction to rats — do not select a beneficial low 
carbohydrate diet. Obese human beings on the verge of glycosuria do not curb 
their appetite and may develop a diabetic state. 

SUMMARY 

Following the production of h 3 ’pothalamic lesions the food intake and weight 
gain of rats are greater on a high fat, noncarbohydrate diet than on a high car- 
bohydrate diet. 
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Normal animals, as well as animals wnth hypothalamic lesions, show a decrease 
in food intake when changed from a fat diet to a carbohydrate diet. This re- 
duction is greater in obese animals. 

The relation between this regulation of food intake and the abnormalities of 
carbohydrate metabolism in hunger diabetes, as knonm .from earlier studies of 
blood sugar, respiratory quotient and blood pymvic acid, is discussed. 

We wish, to express our gratitude to Drs. C. N. H. Long and John R. Brobeck for their 
interest and valuable suggestions during the performance of this Avork as well as to Dr. 
W. A. Krehl for his advice on the composition of the diets. 
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Under ordinary conditions of living, various types and degrees of oxygen 
deprivation are commonly experienced. War in its modern form greatly aug- 
ments the incidence of anoxic conditions; it was thus to be expected that the 
recent emergency would provoke a greatly expanded program of investigation 
of such disturbances, especially those met with in aerial activities at high alti- 
tudes. The experiments described herein represent the outgroudh of a program 
initiated in 1941, the principal findings of which were described in a recent 
publication (1). Circulatoiy conditions particularl}’^ at low barometric pressures 
and the effects of various oxj'^gen, carbon dioxide and nitrogen concentrations 
are now considered. 


METHODS 

Lightly narcotized (sodium amytal) and heparinized cats were used throughout 
the experiments described. The ‘altitude chamber’ was a modified autoclave 
with a capacity of 127 liters; ventilation was canued out at a rate of 14.5 1/min. 
at S.T.P. and was increased in inverse relation to decreased pressure during 
evacuation. Chamber temperatures were kept between 20° and 25°, the level 
in any group of experiments usually varying no more' than 1°. Simulated alti- 
tudes were taken from the data given by Ai-mstrong (2). E.C.G. records (left 
5th interspace, left ear leads), E.E.G. (occipital cortex, left ear leads), and waves 
of respiratoiy activity (abdominal musculature lead) were obtained by means 
of a Grass electroencephalograph, properly filtered. Arterial pressure readings 
were secured by cannulation of the carotid artery, the T-cannula being directly 
connected to a mercury manometer. The rate of simulated ascent of 4000 
ft/min. (maximum ceiling, 50,000 ft.; 87 mm.Hg bar. pressure) was duplicated, 
it should be emphasized, in all experiments. Administration of gas mixtures 
was accomplished by ventilation of the chamber vith the desired gases at a 
sensitively controlled rate of 14.5 1/min. S.T.P. 

Experimental criteria. In order to compare the responses to anoxia and various 
gas mixtures, certain criteria derived through e.xperience were adopted as indic- 
ative of respiratoiy and cardiovascular failure: a) E.E.G. : complete disappear- 
ance of ‘cerebro-cortical’ potentials; 5) respiration: pronounced slovdng of the 
respiratoiy rate; c) arterial pressure: rapid fall in sj^stolic and diastolic pressures, 
with marked increase in pulse pressure; and d) heart: pronounced bradycardia; 

^ The experiments described were undertaken as part of a program of research performed 
under contract (N6 ori-116) with the United States Navy, Office of Naval Research. 

538 



TOLERANCE TO ANOXIA AND CO 2 


539 


abnormalities of the T-wave, such as increase in amplitude and/or inversion; 
partial block. 

With the appearance of the above phenomena, the animal was found to have 
reached a critical stage of anoxia; it was thus considered the ‘critical level’ or 
‘breaking point’, beyond which continuation of the experiment would lead 
quickly to death. In practically all experiments and always in cases in which 



Fig. 1. Effects of extreme anoxia on arterial pressure, heart and respiratory rates, 
as shown in 17 experiments on 10 cats. Under the conditions imposed, the critical level was 
observed at an altitude equivalent of c. 41,000 feet. 

repetitive tests were conducted with one animal, rapid descent to sea-level con- 
ditions was begun immediatelj’’ after this ‘breaking point’ was reached. Thus, 
control and experimental runs were possible tvith each animal. 

Control experiments. Responses in control tests to severe anoxia are shown 
in figure 1. The curves presented give average figures obtained from 17 expo- 
sures of 10 cats. The initial response to ,the progressive anoxia imposed was 
invariably an increase in both arterial pressure and heart rate, as well as in fre- 
quency and/or depth of respiration, at a (average) simulated altitude of 12,000 
feet, or 483 mra.Hg. Striking responses to lower altitudes did not appear, 
although individual variations were sometimes present. 

Parallel increases in arterial pressqre and heart and respirator 3 >- rate continued 
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until a simulated altitude of 28,000 feet (247 mm.Hg) was reached, when all 
three criteria showed sharp declines in value. This was most marked in the 
case of arterial pressure. Cai’dioi^ascular and respiratory failure was now pro- 
gressive, and at 41,000 feet (134 mm.Hg) profound depression in blood pressure, 
coupled with the appearance of gross abnormalities in E.C.G. waves, indicated 
that the critical level had been reached. 

With descent, arterial pressure increased rather abruptly; the heart rate, how- 
ever, continued to fall until a simulated altitude of 34,000 feet (187 mm.Hg) was 



Fig. 2. Effects on blood pressubb followang the inhalation of pure oxygen in compari- 
son with an ox 3 "gen-carbon dioxide (87% — 13%) mixture. In both instances the animal (cat) 
was subjected to 134 mm. Hg (alt. eq. 41,000 ft.) and kept at that level, l^otc maintenance 
of normal blood pressure for 15 minutes by the experimental animal as compared with 2 
minutes only for the control. 

reached, when an increased rate first became evident. At 15,000 feet (429 mm- 
Hg), both arterial pressure and heart rate approached normal, but respiratory 
activity was not fullj'- restored until the barometric pressure approached that 
at sea level. 

That a simulated altitude of 41,000 feet represented approximately the critical 
level under the experimental conditions set up aa-rs repeatedly shoAvn. There 
AA'ere man3’^ indhddual A^ariations, hoAA'eAmr, and each animal served as its OAim 
control in all experiments undertaken. 

Effects of carbon dioxide on altitude tolerance. To determine Avhether an 
increase in altitude tolerance might be effected b\’- the addition of carbon dio.xide 
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to the respired gases, experiments ivere conducted in which, the chamber was 
continuously ventilated, with O 2 or Oa-Na mixtures 5 for control purposes, and 
comparison made with changes on exposure to Oo-COa and O 2 -CO 2 -N 2 mixtures. 
In all tests, the critical level Avas established in control runs, although the reverse 
order of exposure (i.e. experimental, control) ivas sometimes folloived. On 
return to sea-level conditions, an animal Avas alloAved a rest period (at normal 
barometric pressure) for 20 to 30 minutes. 

Oxygen— carbon dioxide (87%—18%) ■ As shoAvn in figure 2, a definite increase 
in altitude tolerance resulted on the addition of carbon dioxide to the respired 
oxygen. Thus, the critical level for oxygen AA-as found to be 41,000 feet, collapse 
occurring AA'ithin a very brief period at this altitude. 

The short period of tolerance at 41,000 feet in the presence of pure oxygen 
does not necessarily mean that the cat is supersensitive as compared to human 


TabIjK 1. A comparison of tolerance times to ctrculalorxj collapse under severe anoxia 
Continuous ventilation with a) O 2 and b) O 2 -CO 2 (87%-13%) 



BAROMETRIC PRESSURE 

ALT. EQUIV. 

TOIJEKAKCE TIME TO COLlAPSi: 

CAT NO. 

(a) 

Under Or 

(b) 

Under Oi-COi 


Vim. Ug. 

Ji. 

min. 

mitt. 

1 

134 

41,000 

2 

14 

2 

122 

43,000 

1 

3 

2 

122 

43,000 

0.5 

4 

3 

122 

43,000 

0 

3 

4 

134 

- 41,000 

2.5 

10 

5 

134 

41,000 

1.5 

6 

Averages 



1.3 

6.7 


subjects. It is possibly due, as pointed out b}^ Oster and Smith (3), to the 
depressant action of barbital compounds on the central nervous system. 

On allowing carbon dioxide (13%) into the system AAuth oxygen, cardiovascular 
failure did not occur at the same altitude until 14 minutes had elapsed. That 
is, the addition of carbon dioxide enabled the animal to tolerate an altitude of 
41,000 feet for a period of 14 minutes longer than Avhen oxygen alone Avas respired. 
This increase in tolerance is further illustrated in table 1, Avhich shoAA's that the 
presence of COa in the respired gas increases the re.5istance to anoxia manA'--fold, 
considered on the time basis. 

Oxygcn-nitrogcn-carbon dioxide {20%-G7%-lS%). Before studjdng further 
the effects of carbon dio.xide under the conditions of continuous A*entilation, 
lead ions under a control mixture of 80% nitrogen and 20% oxygen AA'ere estab- 
lished. Responses to this mixture did not A'ary from those observed during 
ventilation Avith air. The critical level AA'as found to be 41,000 feet. After a 
rest period the animals u'ere exposed to a gas mixture containing 20% oxj^gen, 
nitiogen and 13% carbon dioxide, and the chamber again cA’acuated to the 
.'■imulatcd (critical) altitude of 41,000 feet. Results of these experiments may 
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be evaluated by reference to figure 3, representing an average of findings from 
16 experimental and 14 control tests on 3 animals. 

It vdll be noted that with the addition of carbon dioxide to the gas mixtures, 
the arterial pressure rose an average of 19 mm.Hg above the normal, while in 
animals exposed to the oxygen-nitrogen mixture alone, a definite fall in arterial 
pressure occurred. Altliough a decrease in heart rate was seen in all cats 



Fig. 3. Blood pressure, heart and respiratory rates in animals breathing an oxygen- 
nitrogen (20% — 80%) mixture, compared to oxygen-nitrogen-carbon dioxide (20% — 67% 
13%). Graph represents changes at ‘breaking point’ established with O 2 -N 2 (20% — 80%). . 

employed in these experiments, it amounted to only 25 beats per minute in those 
e.xposed to the carbon-dioxide mixture, compared to an average slowing of 61 
per minute in the control tests. Further, while the respirator}'' rate was reduced 
by 12 per minute when employing the O 2 -N 2 mixture, it was well maintained 
following the addition of carbon dioxide. Specific data also are given in table 2. 

Pre-exposure to oxygen. It appeared desirable to compare experiments in 
which animals were pre-exposed to O 2 and 02 'C 02 mixtures both at normal baro- 
metric pressure and under a positive pressure of two atmospheres, thus saturating 
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the blood with oxygen as completely as possible before exposing the animals to 
anoxic conditions. Each animal was subjected to a control exposure in air to 
determine its critical level of response. When this value had been ascertained, 
the animal was returned to sea-level conditions, where a 'rest period’ of from 20 
to 30 minutes was permitted prior to the experimental run. 

A marked increase in tolerance was noted in ejqDeriments in which the cats 
Avere pre-exposed to oxygen. Normal or elevated blood pressures and heart 
rates ivere maintained at altitudes from 11,000 to 13,000 feet higher than in con- 
trol tests (fig. 4). It may be obsenmd that varying the time of pre-exposure, 


Table 2. Circulatory protection by CO2 in anoxia 
Series I., O 5 -N: (20%-80%); Series II., O 2 -N 2 -CO 0 (20%-67%-13%) . (Administered 

continuously during exposure) 


CAT NO. 

BAROilETRIC 

PRESSURE 

TEST NO, 

I. Oj-N? 

IX, 02-1^2-002 

AtUrial pres- 
sure 

Heart rate 

Arterial pres- 
sure 

Heart rate 


mm. Bg. 


mm. Bg 

milt. 

mm. Ug. 

min. 

6 

148 

1 

70 


88 

171 



2 

66 

■SH 

90 

179 



3 

64 


78 

165 



4 

64 


78 

156 



5 

68 


98 

156 



6 

68 

BIB 

96 

162 




67 


106 

148 

7 

128 


74 


130 

142 




70 

BIB 

114 

128 




61 


106 

148 




80 

BIB 

120 

133 



5 

■ 81 

BIB 

134 

130 



6 

78 

HU 

144 

125 

Experimental Average. 


70 

133 

106 

149 

Average at beginning of tests 





(I and 11) 


92 

194 

87 

175 


within the time limits employed (10 to 40 min.), did not alter tolerance to any 
significant degree. 

Cats pre-exposed to oxygen under a pressure of two atmospheres showed a 
further slight increase in tolerance compared to those animals pre-e.xposed to 
oxygen at 760 mm.Hg for a like period. 

Pre-exposure to oxygen-carbon dioxide {87% — 13%). That the addition of 
carbon dioxide to the respired gases in pre-exposure tests increased the tolerance 
to anoxia is illustrated in figure 5. In this case, the animal ivas pre-exposed for 
10 minutes to a mixture of 87% oxj^gen and 13% carbon dioxide at normal baro- 
metric pressure. Tolerance was now shown at a simulated altitude 9,000 feet 
higher than under control (air) conditions and 2,000 feet higher than when pre- 
exjiosed to o.xygen alone for a similar period of time. ^Moreover, normal arterial 








EFFECTS OF LOW BAROMETRIC PRESSURE 

• CONTROL (air) 

X — -x Og (pure) 

o o Og (pure) under pressure 


ALT, EQUIV. 1,000 Ft. 

Fig. 4. Effects on c.a.rotid phessure of severe ano.xia; influence of previous e.xposure to 
re O 2 . The symbols refer to pre-exposure conditions. 


EFFECTS OF LOW BAROMETRIC PRESSURE 


• • CONTROL (air) 

o — 0 02 (pure) 

X X 95% Or, + 5% CO, 



ALT. EQUIV i,OOOFT. 

Fig. 5. Effects of pre-exposure (10 min.) to a) pure oxj’gen and b) an oxygen-carbon 
dioxide (95% — 5%) mixture on arterial (carotid) pressure under severe anoxia. Symbols 
refer to pre-exposure conditions. 
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pressure and heart and respiratory rates were well maintained at the critical level 
as established after pre-exposure to oxygen alone. 

Resmdtation at the ‘breaking point’. Further experiments were performed to 
compare the restorative power of oxygen alone and an oxygen-carbon dioxide 
( 87 ^— 13 %) mixture. Animals were carried in these cases to an altitude equh'- 
alent of 33,000 feet and maintained there until the 'breaking point’ was reached. 
At this time, either O 2 or the O 2 -CO 2 mixture was used to replace the air in 
ventilating the chamber. It was observed that normal arterial pressure and 
heart and respiratory rates were quickly restored in both cases. Except for a 
more rapid recovery of the normal respiratory rate following the use of the 
O 2 -CO 2 mixture, there appeared to be very little difference in the restorative 
effect of the two respired gases in this type of experiment. 

DISCUSSION 

The criteria used in the present study as indications of immediately impending 
cardiovascular and respiratory collapse due to anoxia have been described by 
numerous obser\mrs as indications of extreme oxygen deficiency. Thus, the 
precipitate fall in arterial pressure, with increased pulse pressure, has long been 
known to be characteristic of the anoxic state (4, 7). That bradycardia is the 
inevitable result of oxygen deprivation has been reported by almost all students 
of the subject (4, 6r9) and variations in T-wave characteristics have also been 
frequently described (4, 5, 10, 11). The observation that heart block appears in 
the latter stages of anoxia has likewise been reported (4, 12). 

The selection of that degree of anoxia at which all of these signs appear con- 
currently, and its designation as the ‘critical level’ or ‘breaking point’, was made 
on the basis of its utility in the present investigation; it was found most helpful 
in the comparison and evaluation of results obtained with the various gas mix- 
tures employed. Obviouslj^ the time and intensity of an exposure must be 
considered in all such experiments. 

That the addition of carbon dioxide to the gases respired at ‘altitude’ may 
have a beneficial effect in counteracting the effects of oxygen deficiency has pre- 
viously been reported (13, 14), but its modus operandi has remained the subject 
of much debate. Gellhorn (13) has advanced the opinion that the beneficial 
effects of carbon dioxide derive from peripheral vasoconstriction and concomitant 
cerebral vasodilatation which follow its inhalation — a view with which the 
findings of Lennox and Gibbs (15) are in agreement. The above investigators 
also point to increased pulmonary ventilation and oxyhemoglobin dissociation 
within the tissues as possible explanations for the obseiwed beneficial effects. 
Gibbs cl al. (14) point out, moreover, that the maintenance of carbon-dioxide 
tension within the brain tissues may be equal in importance to the mamtenance 
of o.xygen tension. The foregoing results on electroencephalographic and respii- 
atory studies may be interpreted as supporting these contentions. 

The present observations and also some by other investigatoi-s indicate that 
carbon dioxide, inhaled in optimum concentration, is of considerable aid in in- 
creasing tolerance to anoxia. Yet opinion on this point is not unanimous; Dill 
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and Zamcheck (16) have concluded, for example, that pure oxygen is of more 
benefit than oxygen-carbon dioxide mixtures, on the basis of studies on oxygen 
saturation in the blood. 

The present barometric pressure chamber studj'- suggests strongly that under 
the influence of carbon-dioxide inhalation, both time at ‘altitude’ as Avell as 
‘ceiling’ under conditions of uniform rate of ascent would be considerably in- 
creased. The increase of ceiling on CO 2 administration by 2000 to 3000 feet over 
that attained by ox 3 ^gen inhalation, at the high altitude equivalents of 40,000 
to 50,000 feet, appears highly significant. 

SUMMARY 

Mild anoxia in the cat (483 mm.Hg or 12,000 ft. equiv. alt.) was character- 
ized bj'- increased heart rate and arterial pressure, as well as frequencj'’ and depth 
of respiration. 

The anoxic ‘critical level’ or ‘breaking point’ was reached, under the standard 
rate of decompression used, at 134 mm.Hg barometric pressure or an altitude 
equivalent of 41,000 feet. Ordinaiy exposures at this ‘altitude’ for a matter of 
seconds (30 to 90) resulted in severe collapse and sometimes death unless im- 
mediate restorative measures were instituted. 

The breaking point was characterized by o) marked slowing of both the res- 
piratory and heart rates, b) a sudden fall in systolic and diastolic arterial (carotid) 
pressures with increased pulse pressure, c) abnormalities in form of the T-wave 
in the electrocardiogram and d) various degrees of heart block. These cardio- 
vascular and respirator}’- changes were coincident with e) the disappearance of 
occipito-cortical potentials as shown in the electroencephalogram. 

Addition of carbon dioxide (13%) to physiologically appropriate oxygen-nitro- 
gen mixtures increased altitude tolerance significantly. This was evidenced by 
increased survival time at a set altitude, as well as by increase in ceiling attained 
before the onset of cardiovascular and respiratory collapse. 

The author gratefully acknowledges much help and encouragement from Dr. S. W. Brit- 
ton in carrying out this investigation. 
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It is well established that the phrenic nerve contains afferent fibers which 
affect the activity of the respiratory center. The fact that reflexes affecting the 
cardiovascular system may also be elicited is not generally appreciated. The 
existence of such phrenic afferents was indicated by the casual observations of 
Dingle et al. (1) that stimulation of the central end of the cut phrenic nerve some- 
times elevated mean arterial pressure and increased the total peripheral 
resistance. 

Subsequent search through the literature revealed that a pressor response to 
phrenic nerve stimulation had been reported as early as 1868 by Kowaleski and 
Adamiik (2) . This was confirmed by Kowaleski and Nawrocki (3) and Henoque 
and Eloy (4). In 1883 Schreiber (5) stimulated the dorsal roots and thoracic 
portion of the phrenic nerve with electrical and mechanical stimuli and noted 
that the increases in blood pressure varied rvith the type and intensity of stimulus. 
He observed no changes in the frequency and intensity of the heart beat. In 
1884, V. Anrep and Cybulski (6) excited the central cut end of the phrenic nerve 
in narcotized and curarized animals. They noted a series of wave-like oscil- 
lations in arterial pressure which they believed to be Traube-Hering waves. 
Malschin (7) in 1922 obtained increases in pressure in one series of experiments 
but none in another. He also observed no changes in heart rate but noted accel- 
eration and deepening of respiration ndth blood pressure changes. In 1930 
Mussgnug (8) performed three experiments on dogs noting blood pressure 
increases in two animals and a decrease in the third. In 1935 Greene (9) stimu- 
lated the central cut end of the phrenic nerve and found changes in blood pressure, 
heart rate, and coronary flow. He stated that animals varied greatly and nega- 
tive results were often obtained. 

In his extensive review of vasomotor reflexes McDowall (10) mentioned the 
phrenic ner\m only to say that Grossman obtained negative results from afferent 
stimulation. With the exception of Greene (9), Dingle et al. (1) and Mussgnug 
(8), the previously mentioned workers recorded blood pressures by means of 
mercury manometers and counted heart rates visually or by palpation. They 
are, we believe, subject to the criticism of McDowall (10) that most investigators 
have not excluded cardiac effects on blood pressure. 

METHODS 

Experiments were performed on 20 mongrel dogs weighing from 10-20 kilos. 
They were anesthetized with morphine sulfate subcutaneously and sodium bar- 

* Traveling Fellow of the Rockefeller Foundation. 
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bital administered intravenously. The thorax was opened bj'- a midsternal 
incision and artificial respiration was given. The phrenic nerves were cut low 
in the thorax and the central ends stimulated with platinum electrodes encased 
in glass shields as described by Sherrington. These served as moist chambers. 
Stimuli were produced either by a Harvard indiictorium or by electronic stimu- 
lators. It was found earl}’’ in the work that simultaneous stimulation of the two 
phrenic nerves gave better results, hence both nerves were stimulated simul- 
taneousty. Blood pressure in the arch of the aorta was recorded from the left 
subclavian arter}’ b}'- means of a calibrated Gregg manometer of adequate sensi- 
tivit}’ and frequency. Artificial respiration was carefully adjusted so that 
spontaneous movements of the thorax and abdomen were just absent or mini- 
mal. Records of spontaneous movements which resulted during stimulation 
were obtained by transmitting the motions of the left half of the split sternum to 
a receiving capsule connected to a Frank segment capsule. In some experiments 
right atrial pressures were measured and kidney volumes recorded by an air 
oncometer also connected to a Frank segment capsule. 

RESULTS 

Effects on respiratory movements. Since artificial ventilation of the lungs 
remained constant in our experiments any change in spontaneous respiratoiy 
movements were due to direct reflex effects. In eight animals the effects were 
similar to those shown in figure 1. In this record inspiration is downRvard. 
Slight natural movements were present during control periods. Immediatelj’’ 
after phrenic excitation respiratory tonus decreased while the inspiration became 
deeper and more prolonged. As a rale the respiratoiy rate also increased but 
this was not invariable. The effects gradually wore off after cessation of stimu- 
lation and the smaller control movements were resumed within 20-30 seconds. 
In a number of experiments the movements during control periods reciprocated 
with a rhythm of lung inflation (Hering-Breuer reflexes) . In these cases stimu- 
lation of afferent phrenic fibers increased the magnitude of the natural movements 
but did not affect the rh 5 ''thm. In four experiments illustrated by figure 2 the 
natural respiratory movements were veiy slight and phrenic excitation also had 
no appreciable effect. The changes in vagotomized animals are shoRvn in figure 
3 in which inspiration is recorded as an upward movement. In such e.xperiments 
stimulation of phrenic afferents still caused a greater amplitude and duration of 
inspiration but no change in expiratory tonus. The effects gradually diminished 
during the half minute follovfing cessation of stimulation 

The changes in respiration interested us chiefly with regard to the effects on 
arterial pressure, hence no attempt was made to integrate the reflex changes with 
other reflex drives of the respiratory center. 

Effects on heart rate. Three types of responses wei’e observed after stimulation 
of phrenic afferents; a) absence of any change in heart rate; h) an increase in 
heart rate S3mchronous with the rise of arterial pressure; and c) cardiac slowing 
at or near the summit of the pressure rise. 

Six of our animals developed no initial rise in heart rate upon stimulation of 
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the central ends of the phrenic nerv’-es. Such an example is shown in figure 1. 
In five animals a significant increase in heart rate occurred as the pressure rose. 
However, as shown in figure 2, this was replaced by a progressive deceleration 
until the heart rate fell to or below control values. In other experiments it was' 
demonstrated that this slowing was abolished by vagotomy as illustrated in 
figure 3. Previous to section of the vagus nerve in this experiment the heart 
rate was 137 and decreased to 125 per minute. 

It is obvious that when changes in heart rate develop in response to stimulation 
these must be considered in relation to alterations in arterial pressure and vice 
versa. Thus in the experiment shown in figure 2 it may not be assumed Avithout 
other evidence that the initial increase in arterial pressure is due to rise of periph- 
eral resistance; it may have been due to the initial cardiac acceleration. So also 
the secondary sloAving AA^hich occurs may not be due to direct synaptic connections 
betAA^een phrenic afferents and the vagus center; it may be occasioned as a sec- 
ondary effect folloAAung the rise of arterial pressure. In this connection it is 
important to note that AAdren pressure declined during continuance of phrenic 
excitation the heart accelerated again. 


* 

120 - 
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Fig. 3. Effects of stimulating central end of phrenic nerves during period marked 
on record upon aortic pressure (AP), kidney volume (KV), and natural respiratory move- 
ments (R). Other markings as in figure 1. 


Pressor and depressor effects. The changes in arterial pressure during stimu- 
lation of phrenic afferents consisted either of pressor or depressor responses in 
blood pressure. Figures 1 and 2 shoAv typical pressor responses. In the former 
aortic pressure rose AAdthin five seconds from 135/117 mm. Hg to 185/157 mm. 
Hg. The rise Avas maintained throughout stimulation except for mechanical 
effects produced by periodic lung inflation. After cessation of stimulation the 
pressures gradually dropped to levels beloAV those of the control period but 
eventually returned again to the previous leAml. This recovery effect is omitted 
in the figure to save space. 

The changes in pulse pressure AA^ere variable, but as a rule an increase AA^as 
shoAATi, as in figure 1. Occasionally, hoAA^ever, it decreased as shoAAm in figure 2. 
Depressor reactions AA’ere of tAvo types; a) an immediate decline such as shoAA'n in 
figure 3 or 6) a secondary decline folloAving the initial increase as shoAAm in figure 
1. Analysis of all experiments revealed no correlation AAdth changes in heart 
rate or respiration. Of the 10 animals which displayed a secondary depressor 
effect, respiratory movements Avere increased in fiAm and unaltered in four. 
Cardiac sloAAung AA^as always accompanied by a decline of arterial pressure, but 
the conA^erse AA^as not tnie. 
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According to Gordon (12) and Ashkenaz (13) the tj^pe of arterial pressure 
response following stimulation of afferent nerves depends on the frequency. 
Accordingly, the effects of changing the strength and frequency of shocks applied 
to the phrenic nerve were investigated. For this purpose electronic stimulators 
were used by which the strength and frequency of shocks could be varied inde- 
pendently. The two stimulators had time constants of 3 msec, and 0.3 msec., 
respectively. A study of results from six experiments revealed that regardless 
of stimulus strength, a frequency of 25 per second was the highest which elicited 
a depressor response. In most cases the best reductions in arterial pressure 
followed use of frequencies between 1 and 10 per second. Pressor responses on 
the other hand could be elicited with any frequency between 5 and 100 per second, 
provided an appropriate intensity of current was used. 

In many experiments a reversal of a depressor to a pressor response could be 
effected by merely changing the frequency of stimulation. Thus in one experi- 
ment 34 volts applied at a rate of 2 per second yielded a depressor response. When 
the rate was changed to 3-1 1 per second a pressor response eventuated. Changes 
in frequency of stimulation were far more important than alterations in the 
strength of stimulus. The depressor thresholds ranged from 5-60 volts, whereas 
pressor thresholds extended almost through our voltage range, which was up to 
250 volts. The effect of changing the intensity of stimulation was shown in one 
experiment, in which the frequency of stimulation (5 per second) and its duration 
were kept constant. With low strengths of current, pressor responses only were 
observed. As the intensity of stimulation increased a diphasic reaction, namely, 
a depressor followed by a pressor response, was observed. Further increase in 
intensity of stimulation resulted only in a pressor response. Such changes have 
been observed without alteration in heart rate. 

Factors concerned in ■production of pressor and depressor responses. W^e have 
already emphasized that some of the changes in arterial pressure which follow 
stimulation of phrenic afferents are due to changes in heart rate. The possibility 
that increased respiratory movements of the diaphragm may augment venous 
return and thus increase systolic discharge is excluded in our experiments by 
section of both phrenic nerves. However, as showm by Levis, AVerle and Wiggers 
(11), contraction of the spleen foUoving stimulation of afferent nenms can 
increase venous return and cardiac output considerably and thereby contribute 
to the elevation of arterial pressure. It therefore remained to estabhsh the 
existence of direct reflex vasoconstriction in more definite wa3’^s. That such 
direct effects occur was stronglj’- suggested in previous studies by Dingle et al. (1) 
who found that the calculated total peripheral resistance increases upon phrenic 
nerve stimulation. It is also supported by e.xperiments in our series in which 
no alterations in heart rate were induced and no increase in right atrial pressure 
could be delected. In order to obtain still more conclusive evidence of periph- 
eral vascular changes we recorded changes in kidnej'- volume in four experiments, 
ligure 3 reveals that the kidnej'* volume (KA^) declines as the arterial pressure 
increases during stimulation of the central end of the phrenic nerve vdth a strong 
current of high frequency. On the basis of such information we maj’- conclude 
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that the pressor responses obtained denote reflex vasoconstriction. With regard 
to depressor responses our results were not as conclusive. 

DISCUSSION 

Our results showed that afferent fibers of the phrenic nerve connect centrallj^ 
with the respiratory, cardiac acceleratory and vasomotor centers, but not all of 
these effects are always elicited in every animal studied. The most constant 
reaction was on the respiratory center. Cardiac effects were less cornmon than 
pressor or depressor responses. If connections exist with the cardio-inhibitor 
center, these must be in the nature of a depression, for the initial response con- 
sists of acceleration. The slowing which supeiwenes occurs at the summit of the 
pressor reaction and is aboHshed bj'- vagus nerve section. It is more likel}’’, 
therefore, that it is a secondary effect due to stimulation of the sinus caroticus 
nerves by the rise in pressure. 

The fact that the accelerating effect persists after vagotomy strongly suggests 
either that direct connections are made with the cardio-accelerator centers or 
alternately with centers evoking increased discharge of epinephrine from the 
adrenal medulla. In either event connections must occur with s 3 Tnpathetic 
efferents. 

The pressor and depressor effects obtained are in part accounted for by altera- 
tions in heart rate. Evidence presented indicates clearly, however, that it is 
due mainly to activation or depression of the vasomotor center. By selective 
stimulation using different frequencies and strengths of current, it could be shown 
that the pressure response attributable to vasomotor changes tends to be in the 
direction of a decline at frequencies below 25 per sec. and in the direction of a rise 
of pressure at higher frequencies. But at low frequencies the strength of the 
stimulus decidedly affects the direction of the vasomotor response; strong shocks 
cause pressor, weaker ones depressor effects. 

SUMMARY 

1. The central ends of the two phrenic nerves were excited bj’’ induction or 
condensor shocks. Arterial pressures, respiration and in some instances changes 
in kidney volume and right atrial pressure were inscribed by optically recording 
systems. 

2. An analysis of results indicates that afferent fibers of the phrenic neiwe 
communicate vdth respiratory, cardio-accelerator and vasomotor centers, activi- 
ties of which result in a rise of arterial pressure. The slovdng effects sometimes 
obseiwed at the height of the pressure rise are abolished by vagotomj’’ and are 
therefore due to secondary effects on the carotid sinus. 

3. By selective stimulation with shocks of different strengths and frequency, 
it Avas found that the current strength as Avell as the frequency determines 
AA'hether pressor or depressor reactions due to A’^a^omotor action are obtained. 
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It is a common observation that urine formation is depressed in various states 
in which either h 3 ’-potension or decreased cardiac output occurs, such as shock, 
heart failure and Addisonian crises, as well as in toxemias of pregnancy. It has 
been suggested that this reduction in urine flow may be due a) to t^asoconstriction 
(1) and that this might be due to a humoral substance (2, 3); h) to a substance 
that might possibly lead to excessive tubular reabsorption (4-6) ; and c) that the 
tubules might be blocked by precipitation vdthin them of protein material (5-8). 
Another possibility which must be considered is that the lowering of mean arterial 
pressure and consequent diminution in renal blood flow reduces the glomerular 
filtration pressure below a critical level, at which no further glomerular urine is 
formed. 

This paper is a report of a study of the severity of reduction of urine flow in 
ischemic compression shock in the dog and an analysis of the relative parts played 
by humoral factors and bj'' the level of the mean arterial pressure. The former 
has been studied by measuring simultaneously the urine flow in traumatized dogs 
and in normal tests dogs crosstransfused with the traumatized dogs, and the latter 
by comparison of the urine flow in traumatized dogs with that in control dogs 
whose mean arterial pressure has declined to comparable levels without their 
being subjected to trauma. 


METHODS 

The procedures for inducing trauma and for crosstransfusion were essentialty 
the same as those reported in previous papers (9-11). Ischemic compression 
shock was induced in 9 dogs (trauma dog, table 1, groups I and II) by ^Tapping 
both hind legs from the ankle to the groin with tightly pulled rubber tubes (9). 
Upon removal of the tubes, the arterial pressure of the traumatized dog rapidl}’’ 
fell, and the dogs died in shock within 3-9 hours despite blood and saline infusions 
given to 6 of them in large amounts. 

In 5 experiments (table 1, group I) blood from such a traumatized dog was 
continuously exchanged with the blood of a normal test dog by waj^ of a stromuhr 
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(10, 11) . In each experiment, the test dog supplied blood from its femoral artery 
and received the traumatized dog’s blood by way of its femoral veins. The 
traumatized dog supplied blood by way of its carotid artery in three experiments, 
and in two experiments by way of a cannula inserted into the distal end of the 
inferior vena cava. In all instances the blood from the test dog was leceived 
into the jugular vein of the traumatized dog. The use of the stromuhr assured 
that each dog received exactly as much blood as it gave. In each experiment 
the crosstransfusion was started about 45 minutes before the compression tubes 
were removed from the trauma dog. If a drop occurred in the mean arterial 
pressure of either dog the crosstransfusion was stopped until the arterial pres- 
sure had returned to the previous level, which required 15 to 45 minutes. 

All dogs were anesthetized with an initial subcutaneous injection of 2 
mgm/kgm. of morphine followed by sodium pentobarbitab, 20 mgm/kgm. in- 
travenously.' Additional amounts of the latter were given as necessary to main- 
tain anesthesia. The blood of both dogs was prevented from clotting by an 
initial intravenous injection of 0.25 ml/kgm. of heparin solution® followed b}'" 
one-fifth this amount every half hour. 

Zero time is taken as the moment of release of the compression tubes; in the 
control experiments it is 0.5 to 0.75 hours after the start of the crosstransfusion. 
The crosstransfusion was maintained for an average of 4.5 hours or until the prior 
death of the traumatized dog. The mean arterial pressures of the two dogs were 
recorded with mercuiy manometers beginning 1 to 2 hours before the start of the 
crosstransfusion and continuing until 1 to 2 hours after its completion. The 
cannulas were then removed from the suiwiving animals, the incisions sutured and 
the dogs placed in recovery cages. 

Urine flow was measured by catheterizing the bladder. Both male and female 
dogs were used. The urine volume was measured at 15-minute intervals 
throughout the period during which mean arterial pressure was recorded. 

In order to observe the effects of the crosstransfusion procedure per se upon 
urine flow, 6 normal dogs were crosstransfused (table 1, group III) and in 7 ex- 
periments normal dogs were autotransfused by exchanging their blood through 
the stromuhr, between the artery and vein of one hind leg and the artery and vein 
of the opposite leg (table 1, group IV). , Urine flow was followed in 4 additional 
traumatized dogs used in a separate study (table 1, group II). 

RESULTS 

Urine flow in trauma clogs. In all but one of 9 dogs subjected to ischemic com- 
pression trauma (table 1, groups I and II), the urine flow dropped to very low 
levels during the first hour after release of the compression tubes and, in all but 
tv 0 , practical^’’ ceased after the first hour. The reduction in urine flow occurred 
despite the administration of large volumes of blood or saline. In these dogs the 

■* The sodium pentobarbital was kindly supplied by Premo Pharmaceutical Labs Inc 
NewYork, N. Y. ’’ 

‘ The heparin was ‘Liquaeniin,’ wliich was supplied through the courtesy of Roche-Or- 
gaiion, Inc., Nutlcy, Xew Jersey. 
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arterial pressure had fallen on the average to 65 mm. of mercury when urine flow 
ceased. 

The effect of trauma is illustrated in figures 1 and 2. In figure 1 (KH32) the 
trauma dog had, immediately after release of the tubes, a transitoiy fall in mean 
arterial pressure to 55 mm. Hg with a diminished urine fllow. The pressure 
quickly returned to a level of 75-85 mm. Hg, which was maintained for 30 min- 
utes. During this time urine flow continued 'but at a diminished rate. The 



Fig. 1. Urine flow and mean arterial pressure in a normal test dog crosstransfused 
with a dog subjected to ischemic compression trauma. TEST = test dog; TRAUMA = 
traumatized dog; X — TRANS. = period of crosstransfusion; 200 and 250B = ml. of blood 
transfused into trauma dog; block graph = rate of urine flow, upper of trauma dog, lower of 
test dog. Abscissal scale = time in hours; ordinate scales — arterial pressure in mm. Hg, 
rate of urine flow in ml /min. 

Fig. 2. Similar to figure 1. persistance of urine flow in traumatized dog. X-T 
= periods of crosstransfusion; upper S = saline and B = blood transfusions in ml. given 
to trauma dog; lower S = saline given to test dog. 

Fig. 3. Urine flow in two normal dogs crosstransfused with each other. Ti, Tz 
(saline) = rate of infusion of saline into test dogs; Ti, T: (urine) = rate of urine flow in test 
dogs. 

pressure declined to 65 mm. Hg during the ne.\t 15 minutes and continued to fall 
until death of the animal. Urine flow ceased with the beginning of the second 
drop in pressure. The apparent decline in urine flow preceding the release of the 
compression tubes is due to overlap of the collection period, which was 30 minutes 
in this e.xperiment. 

Figure 2 (A28) illustrates the resumption of urine flow in the trauma dog when 
the mean arterial pressure was elevated by the infusion of blood. Immediately 
after release of the tubes the pressure dropped to 55 mm. Hg and then rose during 
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the next 45 minutes to 80 mm. Hg. Fifteen minutes after the initkl drop, the 
urine flow stopped and no urine was collected for 45 minutes, i.e., until 15 minutes 
after the pressure had returned to 80 mm. Hg. The arterial pressure then 
remained above 80 mm. Hg and urine flow continued at a good late thioughout 
the remainder of the period of observation. 

TJrme flow in test dogs. Five normal dogs were crosstransfused with trau- 
matized dogs (table 1 , group I) . Three received saline infusions throughout the 
period of crosstransfusion in order to provide urine flow adequate for accurate 
measurement. In none of the 5 experiments was a decline in urine flow observed 
which could be attributed to the receipt of any humoral substance from the 
trauma dog. The results in two of the experiments are reproduced in figures 1 
and 2. 

In ex-periment KH32, figure 1, no saline was given. The urine flow of the test 
dog remained unaffected and in fact improved slightly as the arterial pressure 
rose during the period of crosstransfusion. 

In experiment A28, figure 2, a very large initial urine flow resulted from the 
initial saline infusion. The flow dropped to zero during the decline in arterial 
pressure to 35 mm. Hg, which was due to a reaction at the start of the cross- 
transfusion. Upon cessation of the crosstransfusion the arterial pressure 
returned to the control level of 120 and the urine flow to approximately 0.08 ml/ 
min., at which levels they remained despite resumption of the crosstransfusion 
and the release of the compression of the hind legs of the trauma dog. 

. Efeot o/ crosstransfusion reaction. In 10 of the 26 dogs subjected to cross- 
transfusion or autotransfusion (table 1, groups I-IV), the mean arterial pressure 
dropped abruptly during the first 15 minutes of crosstransfusion before release 
of the compression. In each of these the crosstransfusion was stopped and 
within 30 to 45 minutes the arterial pressure had returned to, or almost to, the 
previous level. Upon again starting the crosstransfusion, there was no further 
drop in the mean arterial pressure. The urine flow usually diminished abruptly 
during the decline of arterial pressure but returned to control levels with the 
restoration of the arterial pressure. Because of the abruptness of the decline, as 
shown in figures 2 and 3, it is not possible to state precisely the arterial pressure 
at which urine flow ceased. The lowest pressures reached in those experiments 
in which urine flow did cease were; A28 — 40; A30 — 40; A32 — 40; A24 — 50 mm. 
Hg. In the remainder of the experiments in which a crosstransfusion reaction 
occurred, urine flow did not cease during the period of hypotension. The lowest 
arterial pressures reached in these experiments were; A29 — 55; A31 — 100; 
A34 — 30; AG — 30; All — 75 mm. Hg. 

Urine flow in control cx-perimcnts. The effect of the crosstransfusion procedure 
alone upon the animal’s urine flow was studied in 13 dogs in the tAvo tjqjes of 
control experiments,- as indicated in the Methods section. In 6 of these no 
change in mean arterial pressure or urine flow Avas obseiwed. In 7 of these ani- 
mals a considerable drop in the mean arterial pressure occurred, and at these 
times urine floAv ceased. The data from these experiments are included for com- 
parison Avith the trauma dogs. Table 1 demonstrates that the level of the 
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arterial pressure at Avhicli urine flow ceased in the control animals was not sig- 
nificantl 3 ’' different from that at AA'hich urine flow ceased in the various trauma 
dogs. 

In figure 3 the effect of a decline in mean arterial pressure in a pair of control 
test animals (experiment A32) is illustrated. The mean arterial pressure in To 
declined steadily from 80 mm. Hg 15 minutes before zero time to 55 mm. Hg one 
hour later. During this time urine flow diminished and finally ceased for 30 
minutes. Urine floAV resumed when the arterial pressure returned to 65 mm. 
Hg and continued to increase as the pressure rose. The arterial pressure of Ti 
declined to 35 mm. Hg during the crosstransfusion reaction; for the ensuing 4^ 
hours the pressure never rose above 60 mm. Hg. Practically no urine flow 
occurred from the onset of the crosstransfusion reaction to the end of the 
experiment. 


DISCUSSION 

Humoral vasoconstrictors. Corcoran, Taylor and Page (3) observed that in 
shock, urine flow ivas reduced approximate^ proportionately to renal blood flow 
and that the latter was decreased proportionately more than the arterial pressure 
in the denervated kidney. They concluded that the observed phenomena ivere 
due to the presence of a humoral vasoconstrictor. Goormaghtigh (8) found in 
4 cases of renal crush syndrome in man glomerular ischemia, enlargement of 
juxta-glomerular apparatus and hypertrophy and hyperplasia of preglomerular 
arterioles. These findings Avere similar to changes he found in the Goldblatt 
type of experimental hypertension. He attributed the arteriolar spasm at the 
A’^ascular pole of the glomerular tuft to liberation of a vasopressor substance. 

In none of the 5 test dogs AA^hich AV'ere crosstransfused AAuth traumatized dogs 
(table 1, group I) AA^as a drop in urine flow obsen'^ed Avhich could not be attributed 
to a decrease in mean arterial pressure. It might be argued that in our experi- 
ments the exchange of blood AA’-as insufficient. HoAA^ever, the volume of blood 
crosstransfused in each direction amounted to 2-26 liters (0.2 to 3.4 times the 
body AA’eight of the test dog). Furthermoi'e, in 3 experiments the blood from 
the traumatized tissue, returning by AA^ay of the A’^ena cava, passed through the 
test dog before returning to the traumatized dog. It seems unlikely'-, therefore, 
that if renal A'^asoconstriction does occur in the kidney'- of the traumatized dog, 
it could be due to a humoral agent. 

Reflex vasoconstriction. It is possible that reflex vasoconstriction might con- 
tribute to the impairment of mine formation (12). The source of the afferent 
impulses initiating such reflex might be either the homeostatic regulatoiy endings 
in the carotid sinus and aortic arch or the traumatized tissue itself. Olson, 
Walker and Necheles (13) did not obtain anuria in their crush experiments in 
AA’hich the mean arterial pressure remained above 90. Anuria did occur in their 
hemorrhage experiments and in these the mean arterial pressure had fallen to 
approximately’^ 60 mm. of mercury AA’hen cessation of urine Aoaa' occurred. In 
the latter e.xperiments urine Acaa’ was resumed AA’hen the mean arterial pressure 
had been re.stored to 80 to 90 mm. of mercury’. They state, hoAA’ever, that later. 
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after some 6| hours, urine formation ceased in the crush experiment, even with 
mean arterial pressures of 90 and above. Keele and Slome (14) stated that 
marked reduction in renal blood flow occurred after release of a 4- to 5-hour 
limb ischemia, and that the reduction was greater than that which occurred 
when the arterial pressure was lowered to a similar level by hemorrhage. 

On the contraiy, in our experiments there does not appear to be any signifi- 
cant difference between the level of the mean arterial pressure in the trauma 
experiments, groups I and II, and that found in the control experiments, groups 
III and IV, at which urine formation ceased. It is possible then that reflex 
afferent renal arteriolar vasoconstriction occurs, but, if so, it does not appear to 
be any more prominent in those experiments involving compression of tissues 
than in those in wliich hypotension occurs in the absence of tissue damage. 

Interpretation of vasoconstriction. Lauson, Bradley and Cournand (1) and 
Corcoran and Page (2) observed that in shock the renal blood flow was reduced 
proportionately more than the arterial pressure. They concluded that vaso- 
constriction had occurred presumably in the afferent arterioles of the kidney. 
Selkurt (15) observed that in the presumed absence of change in intrinsic vaso- 
motor tone, renal blood flow is reduced proportionately less than arterial pressure. 
This obseiwation would tend to confu’m the conclusion that, when blood flow is 
reduced more than pressure, vasoconstriction must have occurred. However, 
his finding is contrary to that which would be e.xpected on physical grounds from 
the flow characteristics of a particulate suspension similar to blood in distensible 
vessels (16) and also is not in agreement ivith obseiTations on the blood flow in 
the hind limbs (17, 18). In view of this, we believe that caution should be used 
in interpreting a given reduction in urine formation or renal blood flow, when 
accompanying a decline in arterial pressure, as necessarily meaning that renal 
vasoconstriction has occurred. 

Relationship to mean arterial pressure. As mentioned above, Olson et al. (13) 
obtained an initial cessation of urine flow at mean arterial pressures of approxi- 
mately 60 mm. Hg. As demonstrated in table 1 we also found that under all 
conditions urine formation rarely ceased at mean arterial pressures above 65 to 
75 mm. Hg and rarely persisted when mean arterial pressure declined to 55 to 65 
mm. Hg. Thus it appears that 60 to 70 mm. Hg (referred to zero at the level of 
the carotid arteiy with the animal level in a supine position) ma}'- represent a 
critical level below which glomerular filtration and urine formation may not be 
maintained. 

Effects of a period of anuria upon recovery of urine formation. Corcoran and 
Page (19) state that when renal vasoconstriction is present for a considerable 
period of time, anuria may persist in spite of the restoration of and blood flow 
blood pressure, possibly due to intrarenal precipitation of myoglobin. Our 
results as illustrated in figures 1-3 and in table 1 were similar; but more or less 
identical results were obtained in both traumatized and control animals. Fur- 
thermore in one traumatized animal, figure 2, urine flow did return upon resto- 
ration of mean arterial pressure despite a period of anuria. It would seem 
probable that the persistence of anuria after a period of hypotension might be 
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secondary to renal ischemia per se as proposed by Selkurt (20, 21) rather than to 
precipitation of hemoglobin or other substance in the -renal tubules. 

Toxic effects; (a) wpon renal tubules, Eggleton, Richardson, Schild and Winton 
(4) found that after a crushing injuiy to the limbs of anesthetized dogs urine 
flow and creatinine clearance were both markedly diminished. Although urine 
flow could be restored by diuretics, the creatinine clearance did not increase. 
Lowering of mean arterial pressure with histamine did not cause the creatinine 
clearance to remain lowered after restoration of mean arterial pressure, whereas, 
in the crush syndrome, even with restoration of the mean arterial pressure by 
infusions, the creatinine clearance remained diminished. They believe that the 
reduced creatinine clearance maj’^ be due to diffusion of the creatinine backward 
into the blood stream through damaged tubular cells and that the effects are due 
to to.vic agents rather than to tubular blocking. However, if the diminished 
creatinine clearance were due to the diffusion of creatinine through damaged 
tubules, the creatinine clearance probably should increase during the period of 
increased urine flow induced by the diuretics. This was not the case. 

(6) By production of tubidar blockage. Bing (5, 6) was able to induce a reduc- 
tion in urine formation, renal plasma flow and glomeralar filtration rate only by 
the administration of methemoglobin to dogs rendered severely acidotic with 
intravenously injected ammonium chloride. He obtained no appreciable effect 
from myoglobin or hemoglobin in either normal or acidotic dogs or ffom methe- 
moglobin or hemoglobin in normal dogs. The reduction in urine flow with 
methemoglobin plus acidosis began after several hours and became more severe 
in the ensuing 2 to 5 days. Microscopic examination of the Iddneys showed 
hydropic degeneration of the pro.ximal convoluted tubule, cellular necrosis in the 
distal tubule and plugging of the collecting tubules with hyalin and occasionally 
pigmented casts. Distension of the collecting tubules and glomemlar damage 
were not found. 

Bywaters and Dible (7) observed in patients suffering from traumatic anuria 
various degrees of desquamation, regeneration, necrosis and fibrosis of the tubular 
cells with the greatest severity in the ascending limb of the loop of Henle and 
the distal convoluted tubule. Pigmented casts were frequently seen, but hyalin 
casts were also quite frequent. They believe that circulating myoglobin plays 
a considerable part in the observed anatomic changes. 

In our e.xperiments none of the normal test dogs crosstransfused with trau- 
matized animals showed any evidence of delayed cessation of urine flow such as 
has been described in the crush s 3 Tidrome. Evidently, if plugging of the tubules 
by precipitated myoglobin, methemoglobin or other substances actually plays a 
part in this phenomena, it must require concomitant reduction in urine formation. 
From the descriptions given in the literature, it seems possible to us that the 
renal crash sjmdrome may represent a change in the distal tubule’s permeability 
with excessive reabsorption of tubular constituents. Our e.xperiments appear to 
demonstrate that, if such is the case, it is unlikely that it can be produced in the 
dog by any substance released as a result of a severe 6-hour period of ischemic 
compression of a considerable mass of muscular tissue. 
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In earlier experiments (9) it had been noted that urination practically never 
occurred in dogs d 3 dng of ischemic conlpression shock within the first 12 to 24 
hours after release of the compression. Dogs that survived longer than this 
rarely urinated in the first 12 to 24 hours after release of the compression tubes, 
and the first urine was dark brown and contained pigment which gave an absorp- 
tion spectmm characteristic of mjmglobin. None of these dogs, however, 
showed the progressively developing anuria ending in death, which is said to be 
characteristic of the renal crush syndrome (7). 

SUjMMART 

Urine formation was measured in dogs subjected to ischemic compression 
trauma and in test dogs crosstransfused in pairs with the traumatized dogs. No 
impairment of urine formation was observed in the latter which could be attrib- 
uted to the operation of a humoral factor received from the traumatized dogs. 
Since cessation of urine flow occurred at the same mean arterial pressure in con- 
trol and traumatized dogs, it was concluded that lowering of the mean arterial 
pressure together with homeostaticall 3 '- induced renal vasoconstriction were 
probably sufficient to account for the cessation of urine flow in the traumatized 
dogs. 
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Tolerance to hot atmospheres differs significantly among species and indi- 
viduals. What physiological characteristics are related to this diversity? VTiat 
kinds of resistances to heat are crucial, and how do these resistances fail in heat 
death? In particular, how do changes of water content of the animal bodj’' 
modify heat tolerance?' 

Tolerance to heat became susceptible to study following the development, 
about two centuries ago, of thermometers having permanent scales. At that 
time various animals were experimentally exposed to warm atmospheres until 
death ensued (1). It was early noted that men in hot environments had body 
temperatures lower than the air temperatures around them. How this was 
possible was first enunciated by Benjamin Franklin (2) on the basis of various 
observations upon evaporative cooling. The importance of moisture content 
of the air in determining whether an atmosphere could be tolerated was soon 
realized, although it has since been found that it is not important in all species. 
Rectal temperatures of various species of animals exposed to warm air were 
measured bj’- Delaroche (1, 3); his results indicated that in the rabbit, guinea 
pig and pigeon, internal temperatures of 42° to 45°C. Avere lethal. 

The present report extends to certain laboratory mammals the quantitative 
information on heat tolerance now ai'^ailable for man (4). The occurrence of 
fatal heat stroke in man, especially in time of war (5, 6), called for study of the 
comparable processes and circumstances that are lethal to animals. 

The experiments here reported were done under a contract recommended by 
the Committee on Medical Research, between the Office of Scientific Research 
and Development and the University of Rochester. Help was rendered bj’’ 
J. W. Smith and occasionall 5 '’ by other members of the laboratory. J. J. Kelly 
initiated the experiments on dogs. Preliminary abstracts of the investigation 
were previousl}’’ published (7, 8). 

Heat toxicity. Laboratory mammals of 6 species — dog, cat, rabbit, guinea-pig, 
rat, and mouse — were exposed to hot drj’ atmospheres. Indhdduals were con- 
fined in cages AAdthin the hot room. Air was continually taken from outdoors, 
heated over steam coils and spread through the room. The wet-bulb and dry- 
bulb temperatures were not uniform throughout the room but were ahvays 
ascertained at the cages. 

In the early hours of exposure the rectal temperatures, measured with clinical 
mercurj^ thermometers, increased markedly (fig. 1). In atmospheres that were 
not too hot thej' often reached or nearty reached a steadj’- state, as here shown for 
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guinea-pigs; otherwise thej' continued to rise until the animals were transferred 
to cool atmospheres, as shoivn for rabbits. In some species the steady state was 
achieved by intensification of evaporative cooling through panting. The body 
was thereby depleted of water, and after several hours the dehydration of the 
body often became a significant factor in the resistance to heat. 



Fig. 1. Courses of rectal temperatures in two rabbits and two guinea-pigs simul- 
taneously exposed to warm air. The latter resisted the rise to near-lethal temperatures 
during the entire day. 

Fig. 2. Approximate median tolerances of four species exposed to air of diverse high 
temperatures. 

Fig. 3. Approximate median tolerances, for 3 hours of continuous exposure at rest, 
to air of diverse temperatures and humidities. The data for man were based upon the 
onset of exhaustion, not death, and are taken from McConnell and Hougliten (24). The 
other points at high humidity are taken from Macleod (25) for rat, and Mayer and Nichita 
(26) for rabbit. 

When animals were judged to be near the limits of their endurance of heat, 
they were withdravra from the hot room to a comfortable room. Many re- 
covered permanently from the state of distress; others died. In this way the 
tolerance times were ascertained for each of several air temperatures, and for 
each species an array of points was obtained on the coordinates of figure 2. 
By drawing a smooth curve between the points for animals that did not survive 
and for those that did survive, median exposure-time curves were obtained for 
4 species, despite the variations among individuals. Moderate amounts of 
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dehydration prevailed in these tests; in a few individuals water was injected 
without apparently influencing their heat tolerance. Surviving individuals were 
used repeatedly; their susceptibilities were not obviously different from those of 
the uninitiated. 

For dog and cat the corresponding curves were not fully ascertained; it Avas 
found that 2 cats attained a near-limiting hyperthermia in an atmosphere of 
58°C. and 23% relative humidity in only 1.3 and 2.0 hours, and a dog in 2.5 
hours, Avhile the same and other individuals tolerated 56°C. for over 3 hours. 
Dog and cat were also shoAra by Robinson and Lee (9, 10) to have about the same 
limits of tolerance for AA^arm air. 

The differences of tolerance among the species in the first hours of exposure 
are related in part to body size. The smaller species and individuals accumulate 
heat in the body much faster than the larger. But by far the predominant 


Table 1. Median tolerances to hot dry atmospheres in five species 


SPECIES 1 

1 

NUMBER OF 
EXPOSURES 

NUMBER 

EETHAI. 

MEAN BODY i 
WTicnr 

ASYMPTOTIC AIR i 
TEMPERATURE 

P = (T - A)H‘ 



■■■ 

ksm. 

°c. 


Rabbit 

31 


2.7 

41.7 

10.5 

Guinea-pig 

38 


0.55 

43.9 

3.4 

Rat 

32 


0.27 

38.6 

10.8 

Mouse 1 

19 

3 1 

0.023 

37.2 

5.3 

Man‘ 

6 

0 

69.0 

1 

59.4 

1 6.0 


= Actual air temperature, °C. 

A = Asymptotic air temperature, °C. 

H = Median lethal exposure time, hours. 

* Data from McConnell and Houghten (24), relative humidity 15%. 

factor of tolerance is the evaporative cooling of the body. Dog and cat open 
the mouth, salwate and pant. Guinea-pig and rabbit pant less effectively 
Avithout opening the mouth. Rat and mouse accelerate the breathing very 
little. It is not true that all homeotherms either pant or sAA^eat. Though sAveat 
glands are present in the skins of most mammals, no functional sAA^eatiug over the 
general skin surfaces is definitely Ioioaati to occur in response to heat in any of 
the species here studied. The animals quite commonly AA^et the fur by licking it 
or by immersion in any AA’-ater available. 

The curA’-es of figure 2 are all hyperbolas, AAUthin the limits of error of their 
placements. One asymptote of each hyperbola is zero time of exposure ; the other 
is a temperature that may be ascertained empirically (table 1). The height of 
this asymptotic temperature above 37°C. is an approximate measure of the 
effectiveness of ex^aporatiA’^e cooling in the species. 

The importance of eA^aporative cooling is revealed by comparing the tolerated 
air temperatiu’es AA'hen the air is saturated AAuth moisture and AARen it is un- 
saturated (fig. 3). In saturated air evaporatwe cooling is approximately nil. 
The mouse is scarcelj’- helped by haAmg diy air instead of moist; the guinea-pig 
is moderate^ better off, and the cat is able to AAdthstand 20° higher Centigrade 














TOLERANCE TO HEAT AND DEHYDRATION 


567 


temperature at 20% humidity than at 100%. Comparison of species shows that, 
in the dog and cat, cooling by panting helps them to resist warm atmospheres 
about as effectively as does sweating in man. This fact suggests that in the 
warmer atmospheres an effective temperature scale would be about the same for 
dog and cat as it is for man. 

The bodily changes in animals subjected to near-lethal atmospheres were 
followed in terms of rectal temperatures, pulse rates and breathing rates. The 
best single indicator of the approach to death was found in the rectal temper- 
atures. But each species differed in the maximal rectal temperatures that could 



Maximal Rttlai T«mp«patore 'C 



Maximal Rf etal Temperature *C 



Maximal Rectal Temperature *C 



Maximol Rectal Temperature “C 



Fig. 4. Mortality in relation to maximal rectal tejiperatxjres among animals 
exposed to warm atmospheres and dehydration. Individuals were grouped in equal num- 
bers along the abscissae. 


be survived. This fact was ascertained by recording the highest temperatm’e 
foimd during each exposure and then finding the fraction of the individuals 
attaining that temperature which subsequently died. The results (fig. 4) can be 
compared in terms of the temperatures that were fatal to half of the exposed 
individuals. For a few minutes rabbits could endure 43.4°, rats 42.5° and dogs 
only 41.7°C. These significant differences evidently characterize certain tissues 
that are crucial to survival; possibly these tissues are central nervous or circu- 
latory. 

The variations in lethal rectal temperatures within any one species are not 
related to any known factor. Previous exposm’es appeared to be of no conse- 
quence. Dehydration of the body did not induce death at any lower rectal 
temperature. 
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Heart frequencies increased moderately as the rectal temperatures rose. The 
data are most complete for the dog but extend to all species. However, no early 
sign of approaching death was found in the heart frequencies. Breathing fre- 
quencies promptly augmented when animals came into the hot atmospheres and 
were maintained throughout exposure. For the larger species, complete data 
upon breathing frequencies have been reported by Lee (11, 12) and Robinson 
and Lee (9, 10, 13). 

The mode of heat death was similar among the species. If kept in the hot 
room the animals became prostrated. The moment when the heart stopped 
beating could not be predicted, however. If removed from the hot atmosphere 
the animals often apparently recovered posture and responses. But death might 
ensue some hours later, as was found in dogs by Hall and Wakefield (14). Death 
may be due to a tissue damage (15) that spreads chemically through the cir- 
culatory system (16) ; but it is possible that not all heat deaths are similar. Con- 
tinued gasping was the most usual sign of heat injury. Occasionally repeated 
convulsions developed, especially in rabbits; sometimes a single terminal con- 
wilsion prevailed. Equallj'- often death was in coma. Wegman (17) concluded 


Table 2. Delay in death following heal shock 


SPECIES 

DELAYS IN HOURS* 

Dog 

26, 19, 17, 2, 2, 1 

Cat 

26, 22, 10, 2, 2 

Rabbit 

6, 4, 3,1 

Guinea-pig 

2, 2, 2, 1,1,1 


* Hours since animal was removed from hot atmosphere. 


that convulsions were rare in cats when the rise of body temperature took many 
hours. 

Delayed death was observed in 4 species (table 2). Evidently its occurrence 
depended upon the degree of injury that had been produced during exposure to 
heat. Often, in the fii'st hour or two, dogs were able to drink and thus recover 
in part from the dehydration. No measure that was instituted, such as cooling 
or administration of fluids, appeared to influence the progress toward death, 
though more careful search may uncover such a measure. Usually prostration 
increased and paralysis spread. Obviously any measure that could shorten the 
period during which the tissues were subjected to critical temperatures, namely 
rapid cooling, maji- be preventive, as it is believed to be in human heat stroke. 
IMuch remains to be learned about the injuries that occur in heat stroke. 

In animals that survived exposure to heat, subsequent low temperatures were 
occasional^ found. In cats, rectal temperatures of 33.5° and 35.0°C. resulted. 
In guinea-pigs an hour or two after exposure ceased, rectal temperatures of 
36.7° and 36.9°C. occurred. These results suggest that temperature regulation 
was temporarily deranged by extreme exposures to critical high temperatures. 

In general, the rectal temperature was the only index to the onset of heat 
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stroke that was found useful in laboratory mammals. For each species the 
danger zone of rectal temperatures was different. Tolerance limits to heat were 
therefore set a) by the capacities for resisting the rise of body temperature and 
b) by the deep temperature that was consistent wdth life. 

Dehydration. The chief object of the experiments w^as to find the effects of 
desert dehydration upon heat tolerance. WTiereas in man or dog a few hours of 
exposure to dry heat produced a considerable loss of body neater through evapo- 
ration, in rat or rabbit the loss of water was small indeed. The latter species 
avoid the dangers of dehydration but miss the blessings of evaporative cooling. 

Evaporation of water continued at a constant rate for hour after hour in a 
constant atmosphere. In the warmest atmospheres that could be endured for 
8 hours, the losses for all species were 1 to 2% of the body weight per hour. The 
rates did not diminish as the body became dehydrated, as was also found true in 
man (18). Correspondingly, the breathing rates were not significant^ dimin- 
ished during panting with dehydration. 

If an animal that is evaporating water at the rate of 1% of its body weight per 
hour and has a steady body temperature should suddenly stop evaporating, its 
mean body temperature would rise 7 Centigrade degi-ees per hour, computation 
shows. Correspondingly, it could cool at this rate after transfer to a comfortable 
environment if the evaporation rate did not decrease. Actually among 14 such 
transfers of cats, earty rates of rectal cooling of 9, 7 and 6 Centigi'ade degrees per 
hour were observed, and 8 more of 4 to 5.5 degrees per hour occurred. The 
initial stages of recoveiy from hyperthermia are made rapid by the same means 
that hyperthermia itself is resisted, namely, evaporative cooling. The enormous 
quantity of heat regularly dissipated by this means to the hot atmosphere has 
largely come into the body from the environment, for the internal production of 
heat does not reach the equivalent 5.8 Calories per Idlogram per hour in the 
species here studied. 

The course of dehydration could be followed in the dog in terms of serum con- 
centration (fig. 5). As in man, the refractive index increased, often noth inter- 
vention of an initial decrease of concentration. By the time 10% of the bodj’" 
weight was lost tlu’ough the evaporation of water, about 25% increase in serum 
concentration occurred, also as in man. This increase of concentration may 
represent a corresponding diminution in plasma volume. Far from receiving 
support from the extravascular volumes, the plasma loses water out of pro- 
portion to its fraction of the whole body. 

Ultimately the circulating plasma volume apparently became inadequate, for 
the pulse rate increased and the body cooling was limited by the failure of the 
heat to reach the body surface from the interior. As long as drinking water 
was available to the dog, none of these extreme changes occurred. 

The dehydrated dog became intolerant of heat. Rather suddenly the rectal 
temperature increased (fig. 6). This failure to cool was not due to decrease in 
rate of evaporation, for the panting did not diminish and the tongue was still 
wet. Moreover, neither the promotion of more salivation by pilocarpine nor the 
antifebrile action of acetanilide prevented the explosive rise of body temperature 
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Fig. 0 . Seru.m concentration, in terms of the difference of refractive index between 
serum and distilled water in arbitrar 5 ' units. Dog C during four exposures to air at 51°C. 
without water to drink. In exposure C the four black points were obtained after the animal 
had cooled in a comfortable room. In exposure D the rectal temperature rose explosively 
after 11% of the body weight had been lost, and the animal did not survive. 



Fig. 6. Course of rectal temperature in dog L exposed, on .three successive days, 
to warm atmospheres as indicated. Water was not allowed for the 52-hour period of the 
experiment. Explosive rise of rectal temperature developed on the third day. 

Fig. 7. Course of rectal temperature in dog T exposed, on the second consecutive 
day without water to drink, to warm atmospheres as indicated. The animal died 17 hours 
after it last came out of the hot room. 

Fig. S. Courses of rectal temperature and of water deficit in dog J exposed to warm 
atmospheres on four separate days. Without water to drink (A, 58° air; and C, 56° air) 
hyperthermia developed at diverse rates; with water ad libitum (D, 56° air) hyperthermia 
did not develop ; intermittent allowances of water (B, 4S° air) reduced it after it had de- 
veloped. 
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(table 3) . Apparently, the circulatory inadequacy left the deep tissues warm and 
the mouth cool. It is probable that this inadequacy was due to the poor venous 
return of blood which resulted from loss in volume of blood during dehydration. 

The sensitivity to heat that was brought on by dehydration soon reached a 
point such that the deep temperature was not reduced even when the dog was 
transferred to an atmosphere cooler than its body (fig. 7). Only in air of less 
than 20°C. were dogs assured of adequate cooling. Dm-ing dehydration in the 
cold, no dog was followed in a comparable manner up to the point of circulatory 
failure, for water loss then becomes very slow indeed, and refusal of dry food 
turns the animal’s state into one of inanition. Keith (19) and Wierzuchowski 
(20) rapidly secured equivalent amounts of dehydration vdthout hyperthermia 
in dogs by the intravenous infusion of sucrose or glucose. Those dogs also were 
not carried into circulatory failure. 


Table 3. Explosive rises of rectal temperature 


DOG NO. 

AIR 

TEMPERATURE 

WATER DEFICIT 

; RATE OF 

DEHYDRATION 

RATE OP RISE 1 
RECTAL TEMP. 

iLVXniAL 
RECTAL TEMP. 

SUR\^VAL TIME 
IK COOL ROOM 


°c. 

% ojweishl 

% of -wcisht/hour 

°C/hr. 

°c. 

hours 

T 

41“ 

13-14 

0.6 

2.3 

42.1“ 

17 

1 

33“ 

14^15 

0.3 




Y 

CO 

c 

12-13 

1.4 

1.6‘ 

41.7“ 

2 

L 

36“ 

13-14 

0.4 

1.3 

41.9“ 

i 

0.6 

S 

54“ 

16-18 

0.9 

1.9 

41.9“ 

19 

N 

47“ 

15-16 

2.4 j 

1.1= 

41.9° 

26 


^ Given pilocarpine (1 mgm/kgm) by intraperitoneal injection during rapid rise of rectal 
temperature. 

^ Given acetanilide (50 mgm/kgm) by intraperitoneal injection before rapid rise of rectal 
temperature. 

The explosive rise of rectal temperature developed so suddenly that only a 
continuous record of rectal temperature allowed the observer to withdraw the 
animal from the hot atmosphere in time to save its life. Otherwse heat damage 
was done before the observer became aware of it, and subsequent administrations 
of water or saline did not aid to repair the damage (fig. 7). A similar amount of 
dehydration was compatible with life if the hyperthermia was prevented, for 
3 dogs recovered from losses of 15, 17 and 20% of the body weight, the last part 
of which was slowly acquired. Heat intolerance developed regularly when 11 
to 14% of the body weight was lost by panting (8 individuals). 

Cats -withstood slightly more dehydration (17 to 23% of their body weights) 
before they became sensitive to heat. Even though the cats endured higher 
rectal temperatures than dogs, their rectal temperatures rose as fast as 1.6 
Centigrade degrees per hour toward lethal levels. Their panting also was 
unduninished. 
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The voluntary intake of available water by dogs or cats prevented the rise of 
rectal temperature to the lethal degree (fig. 8). If the water was given early 
enough, little hyperthermia developed. If it was given after a hyperthermia of 
40° to 41°C., the rectal temperature Avould diminish by as much as a Centigrade 
degree (fig. 9). Intraperitoneal injection of water into rabbits and guinea-pigs 
rarely had a significant effect upon endurance in the heat. Only occasionally 
did their rectal temperatures diminish following an injection. Possibly water 
has little effect in species of small body size where evaporation and circulation 



Fig. 9. Average course of rectal temperature in five tests on dog S. After losing 
7.5% of the body weight by panting for 6 to 7 hours in air of 5i°C. and 20% relative hu- 
midity, the dog was allowed to drink water of 40°C. temperature for 10 minutes. 

Fig. 10. Ad libitum intake of water in 21 tests on 3 dogs that had been dehydrated 
to various extents. Continuation of the line to the left (dashes) represents data previously 
obtained without exposure to heat (27). 

Fig. 11. Ad libitum intake of water in 23 tests on 5 cats that had been dehydrated to 
various extents. 

are less important in keeping the body cool. The role of water in the preser- 
vation of adequate cooling w^as illustrated in certain species larger than the cat 
by Flinn (21), Lee and Enbinson and Lee (10, 12, and 13). 

The species other than dog and cat could be dehydrated to comparable extents 
onlj-- b}’- privation of water (and self-imposed inanition), because of their slow 
evaporative losses in heat pelj-pnea. Dehydration heat-sensitivity has not yet 
been identified in them. 

In general, the lethal rectal temperatm-e %vas the same in dehydrated animals 
as in Itydrated ones of the same species. In the presence of dehydration a much 
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lower air temperature produced the same lethal conditions Avithin the body. 
Once the critical rectal temperature had prevailed for a few minutes, no known 
measures could enable the animal to survive indefinitely. Instead it lingered for 
some hours in a progressively paralyzed state. 

Drinking. Tifiien dogs were allowed to drink ad libitum while exposed to 
48° to 57°C. air temperature, some dehydration developed; only after some hours 
was water taken as rapidly as it was being evaporated. In two prolonged 
experiments (32 hours in 48°C.) the dehydration amounted to 6.6 and 7.9% of the 
body weights. Five cats also drank copiously, allowing only 2 to 6% dehj’^dration 
to develop in 8 hours. Rabbits, guinea-pigs and rats drank very little in the hot 
room. Indeed, in them a specific inhibition of drinldng may be credited to the 
hot environment, for animals kept in moderate temperatures without food drank 
somewhat more water than those in the heat. It must also be recalled that the 
degree of dehydration produced during 8 hours in the heat (below 8%) in these 
species, is small compared to those in dog and cat. The dehydration that de- 
veloped is that which in man we have termed voluntary dehydration (18). 

Extensive tests were done to measure how much water animals drink immedi- 
ately following a stated period of dehydration in the heat without available 
water. In moderate water deficits dogs tended to drink as much water as they 
had already lost during heat exposure (fig. 10). They drank equal amounts 
whether still in the heat or recently removed to a comfortable room. In ex- 
treme water deficits less was drunk, the remainder of the deficits being made up 
later. In cats the results were similar in the large deficits, but in moderate de- 
hydrations smaller drinks were taken than were the deficits themselves (fig. 11). 
Both species drank proportionately more than men whenever the deficits ex- 
ceeded 5% of the body weight (18, p. 268). The remaining deficit may be 
named a terminal voluntary dehydration. How it comes to be larger in man 
than in other species is at present imknown. 

Rabbit, guinea-pig and rat not only developed very small deficits of body 
water, but in these small deficits they ingested water equal to smaller fractions 
of the dehydration than dogs did. ' Whether in large deficits they would drink 
like cats or like men could not be ascertained. 

COMMENT 

Comparisons among several species of mammals serve to emphasize the follow- 
ing points concerning tolerance to heat and to dehydration. The species vary 
greatly in their capacities for evaporative cooling and in the tissue temperatures 
that they can endure. These factors together with body size appear to be 
principal determiners of tolerance to heat. 

Dehydration has not been found to kill animals within the limits that were 
tested, but after it prostrates them it makes them highly sensitive to heat. 
Observations of Czerny (22) upon immature cats early brought this phenomenon 
to light. Prevention of this sensitivity appears to be the important function 
served by water in animals subjected to desert atmospheres. Dontas (23) found 
that dogs and rabbits had to be warmed more than usual in order to induce 
polypnea when they were somewhat dehydrated. 
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It was once supposed that an}'- animal can be rapidly dehydrated by exposing 
it to heat. But panting or sweating is not the rule, especially among rodents. 
Those species that do not pant lose water only about t-\wce as fast in endurable 
heat as in comfortable temperatures. They cannot be put into water deficits by 
evaporative losses before they have also suffered significant inanition. Of the 
mammals studied here or elsewhere, only sheep (12), dog and cat can tolerate 
at rest as high air temperatures as can man. 

The tests of dehydration show that most species allowed water ad libitum do 
not drink water as rapidl}'- as they lose water. They go into voluntary dehy- 
dration. Even the dog does not at one draft make up deficits that exceed 
9% of the body weight. 

Acclimatization to heat has been demonstrated in rabbit and dog repeatedly 
exposed to a hot atmosphere (10, 11). Uniform air conditions are required at 
each exposure; these were not provided in the present experiments, and for this 
reason acclimatization to heat was not demonstrated -vnth certainty in 2 dogs 
subjected to serial exposures originally designed to disclose it. 

None of the observations reveal in animals any acclimatization to dehydration. 
One dog was subjected to dehydrations exceeding 6% of the body weight eight 
times. It became just as sensiti^'e to heat when carried to 13% dehydration as 
were 8 dogs that had not been dehydrated before. Further, the lethal rectal 
tempei’atures were the same in repeatedly exposed individuals, in newly dehy- 
drated individuals, and in little dehydrated individuals that were unduly heated. 
No better means is kno-nii at present of protecting a mammal against heat than 
administration of water. 


SUMMARY 

1. Tolerance times were ascertained in six species of mammals subjected to 
warm dry air of various temperatures. 

.2. A consistent sign of lethal conditions was found in the rectal temperature, 
which had a different median critical value for each species, lying between 41.7° 
and43.4°C. 

3. Heat stroke appeared to result from hyperthermia that injured unidentified 
regulatory tissues. Death might be delayed for periods up to 26 hours after 
animals had been subjected to critical increases of rectal temperature and then 
cooled. 

4. Dehydration through panting was limited in mice, rats, rabbits and guinea- 
pigs; it was copious in cats and dogs. Evaporation proceeded just as rapidly 
after considerable dehydration as in water balance. 

5. Dehydration concentrated the plasma and by inference depleted the plasma 
volume, and- presumably by limiting the circulation, rendered the animal very 
sensitive to warm atmospheres. An explosive rise of rectal temperature de- 
veloped through failure of the circulation to transport heat to the surface. 

6. Animals that 'were allowed water ad libitum did not drink enough to main- 
tain their body weights while they were in hot atmospheres. If deprived of 
water they (except dogs in water deficits of less than 9% of the body weight) 
subsequently drank less than enough to recover their body weights. 
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While studying the direct stimulating action of certain cholinergic drugs upon 
the sweat glands, interesting patterns of sweating indicating stimulation of sweat 
glands at considerable distances (1.0 to 37.0 cm.) from the site of injection were 
observed. The character of spread of the sweating response suggested that 
other than strictly neiwous mechanisms were involved, 

A method for recording individual sweat-gland responses previously reported 
(1) was used. Mecholyl- (acetyl-beta-methyl choline chloride) in concentrations 
from 1-500 to 1-50,000 was introduced into the skin of the forearm by intra- 
dermal and subcutaneous injections with continuous recording of sweating. 

During the injection a wheal about 5 to 10 mm. in diameter formed and im- 
mediately a few sweat spots appeared around its circumference. From this 
sharply localized response, sweating rapidly spread in the form of restricted chan- 
nels for some distance. Oftentimes, channelized processes leading away from 
the wheal were first outlined by a few sparsely scattered sweat spots, and with 
each successive record more and more sweat spots appeared until nearly all of the 
sweat glands in the sharply deUneated channel patterns were functioning. As 
more and more such processes formed and extended far from the site of injection, 
considerable branching and anastomosing occurred as oblique and lateral connec- 
tions between the processes. The width of the anastomosing processes varied 
from 1 mm, to 5 mm., and they wei'e observed in some cases to follow precisely 
the course of large surface veins. In other cases they appeared to follow the 
course of invisible channels. In one such instance a narrow band of sweat spots 
was traced along the course of the cephalic vein from a point on the dorsal sur- 
face of the forearm upward until the vein penetrated more deeply into the tissue 
above the anteeubital fossa, 37 cm. from the site of injection. 

Spread by these radiating bands was much more prominent and sometimes 
confined exclusively to the central side of the wheal with ‘streaming’ in a ‘ve- 
nous’ direction. Thej^seldom spread more than 5 to 8 cm. distally from the wheal 
toward the extremities but rather spread centrally toward the body in the 
same direction as the venous and lymphatic drainage. Spread by direct dif- 
fusion around the wheal remained localized and seldom exceeded a few milli- 
meters (being halted when a transverse or ascending channel was encountered). 

Lateral spread was noted with relatively short bands of sweat spots extending 
laterallj’’ and anastomosing with larger channels coursing up (and occasionally 

* Aided by a grant from United States Public Health Service. 

- Mecholyl furnished through the courtesy of Merck & Co., Ine. 
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for short distances do\^^l) the arm. Large sweating areas often marked the 
region of junction between two or more channels, suggesting the presence of 
relatively large sinuses in such regions. 

With this remarkable spread around a localized area of sweating the probability 
of spread by local reflex pathways was diminished by the restricted character of 
the sweat patterns. It became evident that the drug was being rapidly trans- 
ported away from the site of injection by a fluid stream, and since the patterns 
often followed exactly the pattern of branching or anastomosing veins, the pos- 
sibility of transport by venous blood arose. Since the sweat glands were being 
stimulated to activitj'’, however, apparently by direct stimulating action of the 
drug, and since rapid diffusion of the drug into and out of the relatively heavy- 
walled veins seemed improbable, such a source for these patterns appeared 
doubtful. Diffusion through the walls of the lymphatic plexus lying in the 
.immediate neighborhood of the secretory portions of the sweat glands in the 
corium seemed more likely. The most logical course of convection appeared to 
be, therefore, via lymphatic channels, the larger vessels of which are superimposed 
over the larger veins in the skin (2) . 

An experiment was designed, therefore, to occlude the lymphatic channels and 
determine thereby Avhether spread of the drug could be prevented. According^ 
rubber bands attached to strong but fine cord were tied around the arm just 
central to the injection site (12 minutes, fig. 1). This procedure prevented the 
appearance of the centrally radiating channels of sweat spots, but distal radia- 
tions developed to a somewhat more marked extent than usual. Since the edge 
of the wheal was closely adjacent to the occluding cord, sweating due to dif- 
fusion of the drug was prevented. In order to determine whether sweating 
could be induced by axon reflex (as defined by Biclcford, 3, and Wilkins, et al., 4), 
bipolar electrodes were placed in the sweating area immediately distal to the 
occluding string (arrow at 14 minutes and 30 seconds in fig. 1). Prominent and 
mdespread sweating appeared in the previously non-sweating areas in all direc- 
tions, including those central to the occluding cord, within 30 seconds folloiving 
the start of faradic stimulation. Therefore, the occlusion did not prevent local 
nervous spread of sweating. This sweating decreased abruptly when the elec- 
trodes were removed with only slight traces remaining at 16 minutes, 30 seconds 
. (fig. 1). The occluding string was cut at 16 minutes, 50 seconds. Sweat spots 
appeared very quickly in a central direction (within 10-20 seconds) and centrally 
radiating channels of sweat spots formed in the usual fashion. It is significant 
that sweating elicited by faradic stimulation and that appearing following release 
of occlusion assume markedly different patterns, thus differentiating again be- 
tween nervous spread and the convection of the cholinergic drug by a fluid 
stream. Within 11 minutes after the occlusion was removed, sweat glands were 
active at a distance of more than 7.5 cm. from the wheal (28' of fig. 1)* Such 
patterns were not prevented by mixing the drug vdth procaine or by previously 
anesthetizing the area with procaine. 

In following the course of two -widely separated channels of sweat spots, it 
was often obsenmd that the two channels would converge to form one large 
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Fig. 1. Forearm sm'e.at response to intradermal injection of 0.05 cc. of 0.5% mechol3d 
immcdiatelj' distal to a string occluding the cutaneous lymphatic and venous drainage. 
Numbers on each of first nine records indicate (in minutes and seconds) time course of the 
experiment. Position of occluding string indicated in first record. The .string remained in 
place until cut immediatelj" following record Ifi'SO". Calibration line indicated on first 
segment. With string still in place, faradic stimulation applied at arrow in record 14'30". 

Segments A, B, and C demonstrate spread of sweating in restricted channels of sweat 
spots on upper arm. A secondarj' injection of 0.01 cc. of 1.0% mecholyl in segment B in- 
duces spread bj’ channels which eventuallj’’ empty into those originally outlined in segment 
A . Calibration line site indicated in segment A. 

Photographs of original records retouched with India ink for purposes of reproduction. 
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channel at some point far from the iniection wheal. There would then be rela- 
tively large non-sweating areas completely surrounded by narrow bands of 
sweat spots (segment A, fig. 1). Injection of minute amounts of mecholyl into 
the nonsweating area (arrow, segment B) induced a sweat response similar to 
that in the original, and radiating bands of sweat spots formed and eventually 
joined the channels already outlined in the peripheiy (segment C, fig. 1). This 
illustrates the fact that functional sweat glands are present in the large non- 
sweating area of segment A, figure 1, and that they are responsive to direct 
cholinergic stimulation. The fact that the drug did not flow back into this 
area via the channels indicated in segment C suggest the possibility of valve- 
like structures located at such bifurcations which prevent significant bacldiow. 
Such valves have been identified in the deeper Ij^mph channels by Drinker and 
Yoffej’’ (2) who state that once Ij’^mph enters these channels it can move in only 
one direction. 

It appears that the spread of sweat responses in these experiments is much 
more rapid than is the flow of lymph in the quiescent limb. As has been pointed 
out by Drinker and Yoffey, however, massage greatly speeds the flow of lymph 
through lymphatic channels. Since the method used for recording the sweat 
responses involves light pressure applied over the entire test area, such rapid 
flow could be readily explained. These authors also pointed out that even light 
massage tends to increase the permeability of the lymph vessels. This probably 
explains the ready diffusion of mecholyl into and out of the vessels and into the 
immediate environment of the sweat glands, where direct stimulation would be 
possible throughout the entire length of lymph channels underlying the long 
bands of sweat spots obseiwed in some experiments. The relatively sharp de- 
lineation of sweating from non-sweating areas indicates there is little diffusion 
of the drug away from the channel areas. On the other hand sweating persists 
without spread in these areas in the quiescent subject for long periods, suggest- 
ing that the stimulating action of the diaig continues until it is destroyed by its 
esterase, or it is dispersed and diluted in the lymphatics until its concentration 
falls below the threshold for stimulation. 

Dilatation of minute blood vessels in the sweating areas was indicated by long 
narrow erythematous zones. The erythema was sharply confined to the same 
narrow channels as those outlined by sweating responses. At the termination of 
an experiment, when the excess iodine was removed from the skin, an eiythema- 
tous area roughly comparable to the dimensions of the sweating regions indicated 
dilatation of blood vessels. 

Introduction of the drug into large areas of the skin by iontophoresis commonly 
resulted in similar but less pronounced patterns of dispersion. It has been 
repeatedly observed in this laboratory, however, that sldn blood flow may be 
increased considerably in areas several centimeters central to the site of ionto- 
phoresis of mecholyl. Since the sweating patterns are not as pronounced as 
obseiwed following cutaneous injections, one might assume that with the strength 
and duration of current employed in these experiments (0.1 to 1.0% solution at 
3.5 to 4 ma. for 10 to 20 minutes with electrodes from 3 cm. by 4 cm. to 4 cm. 
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by 5 cm.), the drug is too greatly diluted or is not present in sufficient amount to 
produce extensive sweat gland stimulation at any considerable distance from 
the wheal. 

Since, however, the skin does become somewhat erythematous 'and the skin 
pulses increased in size as measured by the photoelectric plethysmograph, it 
appears probable that at least some superficial spread from site of administration 
does occur. 

The therapeutic implications of these obseiwations in cutaneous vascular dis- 
order appear to be limited by the relatively small spread into areas adjacent 
to the wheal and the narrow channels of stimulation. Direct diffusion through 
the intercellular spaces did not appear to be significant. Therefore, although 
spread through the superficial lymphatic and venous plexuses may result in 
considerable dispersion of therapeutic agents, the importance of local adminis- 
tration directly into large areas (as by iontophoresis) would seem to be confirmed. 
It is suggested, however, that in those cases in which electrodes can not be 
directly applied (as in surface ulcers), considerable benefit may be realized via 
the mechanisms described here, provided the lymphatic and venous channels 
remain intact and functional. 


SUMMARY 

The iodine-starch paper method was used in a study of sweating responses 
elicited by intradermal and subcutaneous injections of mecholyl (acetyl-beta- 
methyl choline chloride). Unique patterns of functioning sweat glands follow- 
ing mecholyl injections suggested the participation of cutaneous lymph channels 
in convection of the drug away from the site of injection. These patterns con- 
sisted of narrow channels of sweat spots radiating outward from the Avheal, 
being most prominent in a central direction, and apparently following the course 
of lymphatic drainage. The probability of nervous intervention in the spread of 
sweat patterns was negated. 
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Although the dietary control of diabetes mellitus has been less rigorous since 
the discovery of insulin, regulation of the diet is in many cases still an important 
consideration. High fat diets were formerty advocated for diabetic patients 
(1, 2), but today most internists recommend a diet moderately high in carbohy- 
drate and low in fat (3). 

Recently, Bum, Le\vis and Kelsey (4) pointed out that in alloxan diabetic 
rats glycosuria disappeared when a high fat diet was substituted for a normal 
diet containing 10% fat. Furthermore, if a high fat diet was given altematel 3 " 
with a normal diet for a period of time, the diabetes steadily lessened. 

The rats used by the aforementioned workers were not severely diabetic and 
this disorder was not allowed to become well established before the high fat 
diet was introduced. Inasmuch as it has been found that the blood sugar of 
diabetic rats having levels similar to those used by Burn ei al. may decrease 
spontaneously after a period of timb (5), the present study with high fat diets 
has been carried out with severely diabetic rats in which the diabetes had ample 
time to become well established. 


METHODS 

Twenty adult male rats of the Long-Evans strain were used. Eighteen of 
them had had a severe alloxan diabetes for a period of 1-3 months before the 
experiment was started. Two rats had only a transitory diabetes. 

The composition of the experimental diets is sho^vn in table 1. To provide 
adequate calories from protein and sufficient vitamins and minerals for the 
maintenance of normal metabolic processes, the high fat diets were propor- 
tionately supplemented with these substances. The animals were allowed 
to feed ad lib. throughout the experiment, but food intake was carefully de- 
termined at the end of each 24 hours. All of the rats were given the basic diet 
(10% fat) for a control period of three weeks. At the end of this period the fat 
content of the diet was progressively increased (see table 1) at weekly intervals 
for as long as the rats could tolerate the diet or until the 60% level of fat was 
reached. Eight of the rats were sacrificed and certain organs were examined 
histologically when they had either reached the highest fat levels or the maxi- 
mum level which they could tolerate. The remaining 12 rats were returned to 
the basic diet for three weeks. 

During the control and experimental periods caloric intake and urine volume 
measurements and qualitative estimations of urinary acetone bodies were made 

1 Supported by a grant from Hoffman-LaRochc, Inc. 
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daily. Quantitative blood and urine sugars and urinary acetone bodies were 
determined on nonfasting rats at weeldy intervals; the former by the micro- 
colorimetric method of Somogyi, the latter by the gi-avimetric method of Van 
Slyke. 


Table 1. Composition of experimental diets 


PER CENT OP FAT 



10 

20 

30 

35 

40 

45 

50 

60 

Casein 

(grams) 

ISO 

210 

230 

240 

250 

260 

270 

290 

Sucrose 

( ( 

320 

340 

270 

235 

200 

165 

130 

60 

Starch 

t< 

400 

250 

200 

175 

150 

125 

100 

50 

Crisco 

l( 

SO 

100 

200 

250 

300 

450 

500 

600 

Wesson oil 

1 1 

50 

100 

100 

100 

100 



— 

— 

Salt mixture 

<< 

30 

33 

37 

38 

40 

42 

43 

47 

Choline 

it 

2 

2.2 

2.5 

2.6 

2.7 

2.8 

2.9 

3.1 

Thiamine HCl 

(mgm.) 

m 

5.6 

6.1 

6.4 

6.7 

7.0 

7.2 

7.8 

Niacin 

<t 

■9 

11.1 

12.2 

12.8 

13.3 

13.9 

14.4 

15.5 

Pyridoxine 

tt 

5 

5.6 

6.1 

6.4 

6.7 

7.0 

7.2 

7.8 

Ca pantothenate 

it 

15 

16.7 

18.3 

19.1 

20.0 

20.8 

21.7 

23.4 

Riboflavin 

tt 

5 

5.6 

6.1 

6.4 

6.7 

7.0 

7.2 

7.8 

Haliver oil 

(cc.) 

2 

2.2 

2.5 

2.6 

m 

2.8 

2.9 

3.1 

Calories/100 grams 



550 

575 

600 

625 

650 



RESULTS 

The results shomi in table 2 are the individual, data for the 12 rats which . 
survived the three periods of study. The three-week initial period, vath the 
basic 10% fat diet, is designated as I. All of the values opposite I represent 
averages for the 3 days, a week apart, on which the blood and urinary sugar 
levels were determined. HF represents data for one day at the end of the week 
when the highest percentage of fat was given. The terminal three-week period, 
after the high fat diet, is designated by T, and these values are aver.ages of the 
two days, one in each of the final two weeks. 

Initial -period (I). During this period all but two of the rats showed the 
charactei’istic symptoms of severe uncontrolled diabetes, except that they e.x- 
creted only small amounts of acetone bodies. The daily total caloric intake 
differed from animal to animal but in general was correlated vdth the severity 
of the diabetes and the weight of the animal. Discounting daily fluctuations, 
body weights were either maintained or slightly increased during this period. 
The urine volumes and urine sugar values could be correlated with the caloric 
intake; when the caloric intake was high, the urine volume and sugar excretion 
were high. Blood sugar values did not always folloAV this pattern because the 
determinations were not made on animals in postabsorptive condition. 
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Period lolien maximum fat ivas given (HF). In this period the rats, with one 
exception, decreased their food consumption. These figures are not representa- 
tive of the entire high fat period because most of the rats were in* severe acidosis 


Table 2. High fat did and alloxan diahclea 


RAT NO. 

TAT IN 
DIET 

CALORIC 

INTAKE 

\\*T. 

BLOOD 

SUGAR 

URINE 

VOL. 

1 

URINE SUGAR 

URINARY 

ACETONE 

BODIESl 



2-1 hr. 

grams 

mgm. % 

ccl24 hr. 

gramsl24 hr. 

mgml24 hr. 

4 I 


156 

325 

605 

268 

20.6 

8.26 

HF 


141 

349 

460 

231 

18.0 

272.84 

T 

10 

147 

331 

596 

1 

281 

23.1 

9.52 

3 I 

10 

149 

343 

552 

257 

25.4 

7.09 

HF 

20 

130 

335 

498 

245 

20.0 

203.00 

T 

10 

153 

340 

627 

289 

25.2 

5.68 

2 I 

10 

132 

243 

569 

238 

18.8 

6.63 

HF 

20 

97 

242 

446 

159 

11.0 

229.40 

T 

10 

9S 

243 

834 

231 

i 

18.2 

12.00 

16 I 

10 

119 

336 

68^1 

315 

24.8 

16.70 

HF 

30 

116 

350 

476 

197 

12.4 

370.00 

T 

10 

95 

323 

718 

230 

19.1 

23.96 

7 I 

10 

160 

314 

733 * 

301 

25.5 

14.78 

HF 

30 

no 

315 

426 

137 

9.5 

228.30 

T 

10 

128 

306 

701 

246 

23.7 

13.79 

15 I 

10 

137 

348 

• 604 

315 

12.6 

26.06 

HF 

45 

84 

375 

408 

81 

4.5 

166.00 

F 

10 

135 

383 

485 

278 

10.0 

17.08 

13 I 

10 

118 

313 

596 

205 

18.8 

3-. 71 

HF 

45 

70 

348 

382 

37 

1.4 

99.57 

T 

10 

93 

330 

580 

108 

9.8 

6.53 

5 I 

10 

205 

338 

616 

327 

27.2 

9.06 

HF 

50 

68 

371 

292 

50 

4.0 

323.70 

T 

10 

152 

351 

562 

241 

24.3 

2.58 

6 I 

10 

192 

430 

596 

313 

28.8 

12.74 

HF 

60 

91 

465 

330 

14 

3.2 

97.70 

T 

10 

103 

440 

546 

187 

18.4 

7.60 

1 I 

10 

132 

436 

510 

150 

11.9 

5.40 

HF 

60 

63 

456 

328 

34 

1.1 

1.04 

T 

10 

49 

445 

330 

41 

2.3 

0.37 

10 I 

10 

66 

346 

130 

6 

negligible 

0.22 

HF 

60 

49 

427 

90 

7 

H 

0.91 

T 

10 

55 

433 

120 

3 

1 

It 

0.72 








584 


B. G. JANES AND M. PEOSSER 


Table 2 — Continued 


RAT NO. 

TAT IN 
DIET 

j 

CALORIC 

INTAKE 

WT. 

BLOOD 

SUGAR 

URINE 1 
VOL. 

URINE SUGAR 

URINARY 

ACETONE 

bodies! 


% 

24 hr. 

grams 

mtm. % 

cc/24 hr. 

gramslZ4 hr. 

mgmlZ4 hr. 

9 I 

10 

63 

344 

126 

11 

negligible 

0.21 

HF 

60 

67 

344 

150 

7 1 


0.30 

T 

10 

49 

356 

126 

2 

< < 

i 

0.59 


I = Initial period when rats received diet containing 10% fat. 

HF = Period when rats received maximum fat. 

T = Terminal period when rats received diet containing 10% fat. 

1 In addition, the ketonuria in the 8 rats which were sacrificed while receiving maximum 
fat was as follows : 


%/«/ 

Ketone bodies 

30 

202.83 

35 

256.88 

40 

178.20 • 

60 

115.39 

60 

42.43 

60 

3.50 

60 

22.02 

60 

8.89 


and showed some anorexia. A lower caloric consumption was particularly 
evident in the animals receiving the higher percentages of fat. The urine vol- 
umes and blood and urinary sugar levels were also decreased. This decrease 
probably resulted from the lower intake of food and of potential glucose. 

There was considerable variation in the tolerance to the high fat diets; for 
instance, on the 20% fat diet certain animals had a severe acetonuria which 
persisted when the same diet was continued for tlu-ee weeks. Other severely 
diabetic animals failed to develop an acidosis %vith much higher percentages of 
fat. The ketosis exhibited by the 20 rats on the maximum level of fat is shovm 
in table 2. 

It is interesting to note that usually the animals that could not tolerate the. 
higher percentages of fat were more diabetic, as judged by blood and urine 
studies, than the rats which tolerated the 60% diet. If some of the rats had been 
given higher percentages of fat, the acidosis would probably have been fatal. 

Histological examinations were made of certain organs from the 8 rats which 
were killed. Increased amounts of osmicated lipoid were found in the adrenals 
and lddne 3 ’’S over that found diu'ing the initial period. The liver also showed 
increased amounts of lipoid as evenly distributed fine di-oplets, together with 
some large clumps of lipoid material. The pancreatic islets showed the charac- 
teristic alloxan damage, but some of the islet cells apparently had recovered 
from the earlier impairment. 

Ter>7iinal period (T). Within a few days after the return to the basic diet 
there was a rapid decline in the urinary acetone body excretion; in fact, the 
acetonuria completelj’' disappeared in most animals after seven days. Con- 
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current ivith the disappearance of acidosis there was generally some increase in 
caloric consumption over the high fat consumption level, but in many of the 
animals that had been on the higher percentage of fat it was not as high as during 
the initial period. Moreover, blood and urinary sugar levels were markedlj'- 
increased over levels observed during the high fat regime. At the end of the 
terminal period 5 severely diabetic animals, which previously had received 
diets containing 45 to 60% fat, had blood and urinary sugar values below those 
observed during the initial period; the remaining 5 diabetic animals had glucose 
levels similar to those found during the initial period. 

During the last two weeks of the experiment most of the rats lost much of the 
weight gained while on the high fat diet, even though they were consuming 
more calories than during the high fat regime. Furthermore, most of the rats 
were excreting more glucose in proportion to the caloric intake than was excreted 
during the initial study period. Both the weight loss and the increased glucose 
excretion offer indirect evidence that the animals were metabolizing depot fat 
which had been stored during the high fat period. 

When the remaining 12 animals were examined the lipoid distribution in the 
adrenals, Iddneys and liver proved to be similar to that seen in rats during the 
initial period. The structure of the pancreatic islets was not unlike that seen 
when the rats were receiving the maximum percentages of fat. In many in- 
stances it was impossible to determine the severity of the diabetes by examining 
the pancreatic islets. 

DISCUSSION 

The principal question mvolved here is whether or not a gi’adual increase 
of fat in the diet of alloxan diabetic rats vdU produce a permanent ameliora- 
tion of the diabetic symptoms as described by Burn et al. (4). In the present 
study, although glycosuria was not abolished, 5 of 10 severely alloxan diabetic 
rats, which had been given high fat diets for a period of up to 55 days, showed 
reduced blood and urinaiy sugar levels (as compared to initial levels) after they 
were returned to the basic diet for three weeks. Ordinarily when a rat is so 
severely diabetic, the diabetes usually remains permanently severe (5). Al- 
though there may have been some spontaneous recovery of the diabetes, the 
high fat diet was probably indirectly responsible for the milder diabetic symp- 
toms. During the high fat diet the available carbohydrate and blood sugar 
levels were reduced, and this apparently gave the pancreatic islands an oppor- 
tunity to rest (6). In fact, microscopic preparations of the islets from some 
of the animals which had received the higher percentages of fat seemed to show a 
greater recoveiy from the beta cell damage produced by alloxan than the tissue 
from diabetic rats which had not received the fat diet. Furthermore, a some- 
what similar islet recovery has been noted in diabetic rats which had an anorexia 
of long standing caused by thiamine deficiency (7). Thus it would seem that a 
prolonged decrease in blood sugar levels in alloxan diabetic rats permits some 
recovery of the pancreatic islets and, in certain cases, improvement of the diabetic 
state. 
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■\Vliile the rats were receiving the high fat diets their blood sugar levels were 
reduced. Although not a comparable experiment, Somogjd and Cook (8) 
found that diets containing high fat rations and restricted amounts of carbo- 
hydrate increased the postabsorptive blood sugar levels of diabetic individuals. 
The fact that the rats were not fasted while the human subjects were in a ijost- 
absorptive state may account for the variance in observations. 

The acidosis observed in the rats receiving the high fat diets was much more 
severe than was reported in the studies by Bum et al. (4). Two factors may 
have been responsible for this: a) the rats in the present study were more pro- 
foundly diabetic and thus more susceptible to ketosis; b) the increased amounts 
of protein per unit of food, ivhich was added to the high fat diets in proportion 
to the total caloric content, may have aggravated the ketosis. Petren (2) 
pointed out that a high level of protein in a diet increases the level of acetone body 
excretions. However, the dietary protein in the present experiments was main- 
tained at a 16% level of the total caloric content, a percentage within the range 
recommended by Francis, Smith and Mendel (9) as the amount needed to meet 
the nutritional requirements of the rat. 

The increase in body weight of most of the rats while they were receiving the 
high-fat diets is probably not the result of growth per se but merely owing to 
increased fat deposits; the gain was generally lost on the terminal basic diet. 
Since the rats in the terminal period were excreting more glucose in proportion 
to the caloric intake than during the initial period, indirect evidence suggests 
that during the terminal period they were metabolizing the stored fat for energy 
requirements and excreting more of the potential glucose in the diet. 

SUMftlARY 

High fat diets were given to 20 adult male rats of the Long-Evans strain. 
Eighteen of the animals had severe uncontrolled alloxan diabetes and two a 
transitory diabetes. 

The amount of dietary fat was increased progressively at weekly intervals 
for as long as the rats could tolerate the diet or until a 60% level of fat was 
reached. Tolerance was determined by the amount of ketonuria produced by 
the diet. 

While on the high-fat diet all of the rats had reduced blood and urine sugar 
levels and most of the animals gained Aveight. "When 10 of these animals were 
returned to the basic diet for three weeks and the severity of the diabetes was 
compared Avith that of the initial basic period, 5 rats shoAA'ed some improvement 
in diabetic sj^mptoms. This improA^ement may have been spontaneous, but 
more likely it resulted from some recoverj’- of the damaged pancreatic islets 
AA'hich occurred AAdiile the animals AA'ere on the high fat diets. The weight gain 
which occurred during the feeding of high-fat AA'as probably caused b}'- an in- 
creased deposition of fat. 
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Variations in the effect of anoxia on human performance may significantly 
alter the relative efficiency of persons working under lowered oxygen tensions. 
Among the factors known to influence these variations are rate of ascent (1), 
degree of activity and duration of exposure (2), state of health (3), psychogenic 
disorders (4) and cardiovascular disease (5). However, when these factors are 
equalized by the use of suitable subjects and experimental conditions, a consider- 
able range of variation still remains which has been considered to represent 
individual differences in the underlying physiological adjustments to anoxia (6). 

The present study was undertaken to determine under uniform conditions the 
relationship of anoxic alterations in individual neuromuscular functions to one 
another and to the mean performance of the subject. Three specific aspects of 
this relationship were investigated: a) the amount by which the same function' 
is altered in different subjects; b) the degree to which different functions are 
altered in the same subject; and c) the e.xtent to which single tests may be used 
to indicate changes in performance. 

PROCEDUKE 

Fifty volunteer male subjects were selected whose age, physical status, diet, 
and living and working conditions were essentially^ alike. Each subject was 
exposed to a series of four ascents in a low-pressure chamber without oxygen to 
an equivalent altitude of 17,000 feet. From 5 to 12 subjects were accommodated 
at a time. The ‘flights’ were spaced approximately one week apart. The rates 
of ascent and descent were constant. The duration of the flights averaged 2 
hours. The subjects were scored on 5 separate tests made in the chamber at 
ground level and at the end of a period at altitude Avhich varied from 60 to 75 
minutes. The subjects were rotated through the tests in the same order each 
time. 

Selection of tests. The selection of tests was guided by two criteria : measure- 
ment of a function directly involved in the operation of aircraft and linearity'’ 
between change in score and variation in effectiveness of the function which the 
test was designed to measure. In certain of the tests effectiveness undoubtedly 
was conditioned by'- relatively independent alterations in more basic factors such 
as reaction time, accuracy and attentiveness. A quantitative estimate of these 
factors was not attempted, since a measurement in tenns of net accomplishments 
was considered to possess greater practical significance. 

Test battery. Simple arithmetic tests of the ty’pe used in AAF cadet classifica- 

' The contents of this article have been released for publication by the Army Air Forces. 
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tion centers were employed as a measure of methematical skill. Each test 
consisted of a series of problems in addition, the score being the number of prob- 
lems solved correctly in 3 minutes. 

Eye-hand coordination was evaluated bj"- the single dimensional pursuit test 
developed at the AAF School of Aviation Medicine. The test was scored on the 
portion of a 105-second interval during which the subject kept an irregularly 
moving white bar aligned with two centering marks. Alignment was accom- 
plished by movement of a control column projecting from the apparatus. The 
similarity in scores made by the same individuals on successive ascents suggested 
that the learning factor in the test is small, adapting it to the recurrent study of 
the same group. 

Visual discriminatory ability was estimated by employment of a card used in 
AAF altitude-training units to demonstrate anoxic effects. The test depended on 
the ability of the ej'^e to discriminate between text of uniform size and blackness 
and a background varying from white at the top of the card to black at the 
bottom. Each line was numbered in linear relation to the blackness of the back- 
ground. As a consequence, a doubling of the line number corresponded to a 
halving of the contrast between text and background. The number of the 
lowest line read was taken as the score. 

An adaptation of the iNIinnesota block test was utilized to indicate manual 
dexterity. The test was scored on the number of cubical blocks replaced in a 
square box, one at a time, in 90 seconds. Inspection of successive scores made 
by the same individuals indicated the existence of a considerable learning factor, 
which requires that comparisons based on this test be made between groups 
located at similar points on a learning curve. 

The area of the peripheral Aosual fields was measured by the use of the Lloyd 
stereocampimeter . 


METHODS OF ANALYSIS 

The average of the ground level scores made by an individual in a particular 
test was taken to represent his normal performance. The percentage by which 
the mean score at altitude varied from this normal score was used to indicate the 
effect of lowered oxygen tension on the function which the test was designed to 
measure. Each individual was ranked in the test on the basis of this percentage 
difference. The averages of these ranks and of the percentage ground-altitude 
differences in the 5 tests were employed as indices of the degree to which the 
individual’s over-all performance had been impaired by anoxia. 

Impairment of group performance at altitude was determined for each test 
by averaging the alterations in individual performance. The degree of variation 
within the group was estimated by calculation of the standard deviation and 
coefficient of variation of the ground-altitude scores differences. 

The significance of differences in the degree to which group performance 
was impaired in the various tests was evaluated by determining the ratio of the 
observed difference in means to the standard error of the difference between 
means. 

The degree of correlation between individual tests and between each test and 
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the oA^er-all batteiy average was determined by application of the Spearman 
rank-difference formula. 


RESULTS 

The mean score at altitude made by individual subjects on individual tests 
varied from +15.6% to — 64.4% of the ground level value. Over-all impairment 


Table 1. The effects of anoxia on five tests of hinna7i performance m terms of ground-altitude 

scores differences 


TEST 

MEAN DECREMENT % 
AND STANDARD DE- 
VIATION 

KANGE % 

COEFFI- 
CIENT OF 
VARUTION 
(V) 

STANDARD 
ERROR or 
THE MEAN 
(S.E.M.) 

Cube placing 

-7.8 ±8.1 

-22.6 to +15.6 

1.02 

. 14 

Vison demonstration card 

-10.9 ±8.4 

-25.0 to +5.0 

0.78 

±1.19 

Single dimensional pursuit 

-12.1 ±6.9 

-29.3 to +1.0 

0.57 

±0.97 

Arithmetic 

-21.6 ±11.3 

-48.3 to 0 

0.52 

±1.61 

A^'isual field perimetrj' 

-26.1 ±17.0 

— 64.4 to ztrl.O 

0.65 

±2.39 


Number of subjects: 30. 

Number of trials: 4. 

Chamber altitude: 17,000 feet. 
Time at altitude: 60-75 minutes. 


Table 2. The significance of differences in the degree of group impairment in performance on 
different tests at a simulated altitude of 17,000 feet 


TEST 

etJBE 

1 PLAaNG 

' VISION 
DEMONSTRA- 
TION CARD 

' SINGLE DI- 
MENSIONAL 
PURSUIT 

i 

ARITHMETIC 

VISUAL 

FIELD 

PERIMETRY 


Cube placing 


- 3.1 

4.3 

13.8 

18.3 


Vision demonstration card 

1.9 



10.7 

15.2 


Single dimensional pursuit 

2,8 


9.5 

14.0 

dif 

Arithmetic 

7.0 


5.1 

4.5 

Visual field perimetry 

6.9 


5.4 




^ 



dji/S.E.dM 

dii: Per cent difference in mean test score decrements after 60-75 minutes at 17,000 
feet (chamber altitude). 

SEdu: Standard error of the difference in means. 

Differences in means are considered significant when dii/S.E.dii exceeds 2. 

in individual performance as judged by the average of all 5 test scores ranged 
from —1.6 to —28.6%, tvith a mean value of —15.7% (table 1). Relative sus- 
ceptibility to anoxia as determined by mean percentage impairment correlated 
closelj'' with that based on average rank (r = 0.947). 

The degree of impairment in the average performance of the subject group as 
a AA’hole on individual tests Amried from a minimum of — 7.8% in the cube-placing 
test to a maximum of —26.1% in the visual field perimetiy test (table 1). The 
results obtained in each test manifested a reasonably high grade of internal 
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consistency wlien judged by the standard error of the mean (table 1) and the 
distribution curve Of the scores (fig. 1-5). 






XDEVIATIgNJ'ROM GROUND 





Figs. 1-5. effects of anoxia 


Fig. 1. Single dimensional . pursuit-test performance, a. Average performance; b. 
variation in altitude effect. 

Fig. 2. Vision demonstration card-test performance, a. Average performance; b. vari- 
ation in altitude effect. 

Fig. 3. Arithmetic test performance, a. Average performance; 5. variation in altitude 
effect. 

Fig. 4. Cube-placing test performance, a. Average performance; b. variation in alti- 
tude effect. 

Fig. 5. Visual field area. a. Average performance; b. variation in altitude effect. 


On analysis, the differences between the relatively small decrements in the 
cube placement, vision demonstration card, or single dimensional pursuit test 
scores and the proportionally large decrements in the arithmetic or visual field 
perimetry test scores proved to be significant (table 2). 
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No significant correlation Avas demonstrated between an}'- two individual tests, 
nor did the degree of anoxic impairment in any single test correlate closely Avith 
that of the test battery as a AA^hole. The aritlimetic, single dimensional pursuit 
and Ausual field perimetry tests exhibited only fair correlation coefficients in this 
regard, AA^hile those of the cube-placement and visual-field perimetry tests Avere 
low (table 3). 

A similar absence of intercorrelation has been reported by other obserA'^ers for 
the effects of anoxia on perimetiy, body SAA^ay and flicker fusion frequency (6). 

Table 3. The correlation of decrements in individual test scores with one another and with 
mean impairment in the test performance of the individual 


TEST 

VISION 
DEMONSTRA- 
TION CARD 

SINGLE DI- 
MENSIONAL 
PURSUIT 

ARITHMETIC 

VISUAL 

FIELD 

PERIMETRV 

AVERAGE 

(ALL 

tests) 

Cube placing. 

-0.02 

-0.07 

■nil 


lEI 

Vision demonstration card 


-0.10 




Single dimensional pursuit 




-0.14 


Arithmetic 




-0.16 

0.53 

Visual field perimetry. . 





0.18 


r: Correlation coefficient. 


CONCLUSIONS 

The differences in percentage impairment of various aspects of group perform- 
ance indicate that the quantitative changes observed under conditions of anoxia 
depend not only on the subject but also on the nature of the function under study. 
Net performance under such conditions is a composite result of alterations in a 
number of functions not similarly affected by an identical change in oxygen 
pressure. Such a result is not unexpected, since no a priori reason exists AA’-hy a 
grade of anoxia sufficient to halve the ability to solve arithmetical problems neces- 
sarily should require a 50% reduction in manual dexterity or eye-hand coordina- 
tion as well. 

Individual subjects under anoxic conditions exhibit a considerable degree of 
A^ariation both as to net decrement in performance and as to relative impairment 
of particular functions, AA'hether these A'^ariations are estimated in terms of per- 
centage differences or of rank differences. As a consequence, tests Avhich measure 
a single function are not apt to be of selective value in singling out the individuals 
AA'ho can perform Avith maximum over-all effectiA'^eness under low oxygen tensions. 

The .author Avishes to e.xpress gratitude to the members of the staff of the Air Surgeon’s 
Office and the School of AA'iation Medicine whose assistance made this study possible. 
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A considerable body of direct and indirect evidence indicating that histamine 
plays a role in the secretory mechanism of the gastric mucosa has accumulated 
during recent years. Histamine has been demonstrated in the gastric mucosa of 
the hog(l), dog (2), cM (3) and man (4). Histaminase (diamine oxidase), 
though present in the intestinal mucosa, has been shown to be absent in the gas- 
tric mucosa of the dog (5) . A histamine-like substance has been found in human 
gastric juice secreted spontaneously and in response to histamine (6, 7), and in 
gastric juice secreted by dogs in response to histamine, vagal stimulation and 
sham feeding (8, 9). A similar substance has also been demonstrated in' gastric 
juice secreted by anesthetized cats or dogs in response to vagal stimulation, intra- 
ventricular injection of acetylcholine, intravenous injection of eserine, Uvnas’ 
gastrin (10) , priscol and histamine, and in juice secreted in Pavlov pouches of dogs 
in response to a meal (3) . Studies of the nature of this substance and of the cir- 
cumstances in which it was found have been made in attempts to elucidate further 
the physiologic mechanisms involved in excitation of the secretory cells of the 
gastric mucosa. This investigation was undertaken to extend the results of 
others in a further search for possible Correlations between the amounts of hista- 
mine present in gastric juice and the amounts of acid secreted by the gastric 
mucosa, and also to determine whether histamine was present in gastric juice 
secreted in response to stimulants which others had not tested, notably acetyl- 
beta-methylcholine chloride (mecholyl chloride) and insulin. 

METHODS 

Gastric juice was obtained from pouches of the stomach of 17 trained dogs. 
The pouches had been prepared Avith the animals under surgical anesthesia some 
weeks prior to utilization in the study. Eight of the animals had pouches of the 
Pavlov type, 7 had pouches of the Heidenhain type and 2 had transplanted gas- 
tric pouches. The gastric secretory stimulants employed were a) histamine gNen 
intramuscularly in a beeswax-sesame oil mixture prepared by the method of Code 
and Varco (11) and histamine given subcutaneously in saline solution, b) mecholyl 
chloride (acetyl-beta-methylcholine chloride, Merck) given subcutaneously and 
intravenously in saline solution, c) hypoglycemia induced by intravenous admin- 
istration of regular insulin and d) a meal of ground raw horse meat taken 
by mouth. The animals were fasted for 18 to 24 hours before collections of gas- 

' Present address; The University of Liverpool, England. Work done while on a fellow- 
ship from the Rockefeller Foundation. 
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trie juice were begun. In most tests samples of juice were collected for some 
hours during successive 30-minute periods. 

The histamine equivalent of gastric juice was estimated by a modification of the 
procedures described by Barsoum and Gaddum (12) and Code (13). As a rule, 
extracts were prepared from 8 to 10 cc. samples of juice. "When it was found that 
addition of trichloracetic acid to the juice did not bring down a precipitate, this 
step was omitted. The sample of juice was then boiled directly with 3 to 5 cc. of 
concentrated hydrochloric acid, dried in vacuo and an extract of the dried material 
prepared for assay on an isolated strip of guinea pig ileum suspended in 2.5 to 3.0 
cc. of Tyrode’s solution to which atropine sulfate (0.5 microgram per cubic centi- 
meter) had been added. 

Because of the small amounts of histamine often found in the gastric juice, the 
extracts were concentrated (2 volumes of juice to 1 volume of extract). Even 
then it was often necessary to add relatively large volumes of extract to the intes- 
tinal bath in order to induce a contraction; the maximal volume used at any time 
was 0.4 cc. It was soon found that when such volumes were used, accurate hista- 
mine assaj’^s were difficult. A substance or substances other than histamine 
apparently interfered vdth the determination . Potassium was suspected. Tests 
showed that solutions containing potassium in amounts similar to that in the 
concentrated extracts of gastric juice would produce contractions of the gut which 
could be mistaken for contractions due to small amounts of histamine. It was 
necessaiy, therefore, to reduce the potassium content of the extracts. This was 
done by insertion of an alcohohe extraction procedure like that recommended by 
Barsoum and Gaddum, except that much larger volumes of alcohol were used and 
no sodium chloride was added to the alcohol. The dried residue obtained after 
boiling and evaporating the juice was extracted three times with absolute alcohol, 
using 5 to 10 Cc. for each extraction. The combined extracts were dried and the 
residue was dissolved in water or Tyrode’s solution, then neutralized and made 
up to half the original volume of the juice. The extract was then ready for assay. 

The efficiency of alcoholic extraction in removing potassium was tested by 
comparing the potassium content of extracts prepared with Avater, 90 to 95% 
alcohol and absolute alcohol (table 1, 14). We are grateful to Dr. M. H. PoAver 
for carrying out the potassium determinations by an adaptation of the method of 
Shohl and Bennett described by Hartzler (15). On the average the potassium 
content of the concentrated extracts AA^as reduced from about 77 mgra. per 100 cc. 
AA'hen AA'ater was used to about 14 mgm. per 100 cc. AA-hen absolute alcohol AA’-as 
used (table 1). Up to 0.4 cc. of solutions containing the latter concentration of 
potassium could be added to the Tyi’ode’s solution surrounding the stiip of 
guinea-pig intestine AAuthout producing contractions. "l^Tien it AA’as also found 
that satisfactoiy recoA'eiy of histamine (79 to 81%) added to gastric juice AA^as 
obtained b}" the alcoholic extraction procedure, it AA^as then adopted as a routine. 

With the procedure described histamine could be assaj’-ed quantitatively in con- 
centrations of 5 or more micrograms per liter of gastric juice. Concentrations of 
2.5 to 5 micrograms per liter could be detected but usually could not be deter- 
mined quantitatiAml}', and the 3 ^ AA^ere therefore recorded as ‘trace’. With feA\^ 
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exceptions, the limit of histamine detectability by the method was 2.5 micro- 
grams of histamine per liter. Since some histamine may have been present in 
extracts with equivalents below this value, use of the term ‘zero’ histamine con- 
tent has been avoided and the designation ‘undetectable’ has been applied to such 
samples. All histamine assay values are expressed in terms of histamine base. 

As a control to experiments in which gastric juice was obtained in response to 
the injection of mecholjd chloride, small quantities of the drug were added to 
samples of gastric juice and extracts prepared for histamine estimation. It was 


Table 1. Potassium content of dogs’ gastric juice and extracts of gastric juice (all juice from 
Pavlov pottches and secreted in response to a meat meal) 


GASTRIC JUICE SAHPIE 

MGM. POTASSIUM PER 100 CC. 

Unextracted gastric 
juice 

Gastric juice c.’ctracted and concentrated twice using 

Water 

90 to 95% alcohol 

Absolute alcohol 

1 

45.7 

87.7 

33.0 

15.3 

2 

43.2 

81.6 

36.0 

13.7 

3 

37.6 

76.1 

30.6 

14.0 

4 

46.4 

81.5 

29.4 

12.8 

5 

• 39.8 

66.0 

43.8 

13.6 

6 

43.0 

73.9 

36.8 

14.2 

7 

28.0 



12.6 

8 

36.1 



15.4 

■ 9 

32.8 



13.4 

10 


77.4 


■ 13.2 

11 


75.3 


13.5 

12 




15.3 

13 


- 


10.9 

Average 

39.2 

77.4 

34.9 

13.7 


Dogs’ plasma 17.5 mgm. of potassium per 100 cc. 

Tyrode’s solution 10.5 mgm. of potassium per 100 cc. 

Gastric juice secreted by dogs’ total stomach pouches in response to histamine, 
28.9 mgm. of potassium per 100 cc. 

found that the addition of mecholyl chloride did not alter the histamine 
equivalent of the juice. 

On completion of each series of experiments, a search was made for possible 
correlations between the histaniine content of the juice and the acid content of 
the juice, and also between the histamine content of the juice and the rate of 
secretion of acid by the pouch. 


RESULTS 

(a) Histamine equivalent of gastric juice secreted in response to the injection of 
histamine. 1. Histamine in the beeswax mixture was administered intramuscu- 
larly in doses varying from 10 to 30 mgm. to 2 dogs with Pavlov pouches and 4 
dogs with Heidenhain pouches. Thirty samples of gastric juice were tested. 












596 


C. F. CODE, G. A. HALDENBECK AND R. A. GREGORY 


The concentration of free hydrochloric acid in these varied between 0.412 and 
0.620%. In 3 samples no histamine was detected; in 6, a trace was found. In 
the remaining 21 samples the histamine equivalents ranged from 5 to 80 micro- 
grams per liter (table 2). The highest values occurred during the first hour 
after the injection of histamine. 

2. Histamine in saline solution was administered subcutaneously in 
doses of 1.0 mgm. to 3 dogs with Pavlov t 3 rpe pouches, 3 dogs with Heidenhain 
pouches and 2 dogs with transplanted gastric pouches. One dog with a Pavlov 
type of pouch received only 0.5 mgm. of histamine. Twenty-eight samples of 
juice were studied. The concentration of hydrochloric acid of the majority 
ranged from 0.382 to 0.546%. In 2 samples, histamine activity was undetect- 


Table 2. Histamine equivalent of dogs’ gastric juice secreted in response to intramuscular 

injection of histamine in beeswax^ 


AKZHAL 

POUCH, 

TYPE 

mCROGRAltS OP HISTAIONE EQUIVALENT PER LITER OP GASTRIC JUICE COLLECTED 

AT INTERVALS APTER.INJECTION OP HISTAMINE 



i hr. 

1 hr. 1 

1 

IJ hrs. 

2 hrs. 

2} hrs. 1 

3 hrs. 

3} hrs. 

24 hrs. 

A 


6.6 


15.0 

7.5 



B 


33.3 

20.8 

25.0 


C 

H 

i 80.0 

1 

30.8 

1 


18.8 

22.0 


D 

H 

57.2 

33.3 

13.7 ! 

1 

6.6 

6.6 


E 

H 

Tr 

Tr 

Tr 

Tr 

Tr 

5.0 

1 

Tr 

! 

F 

H 

15.0 

15.0 

1 

5.0 

1 

Un 

1 

1 5.0 

Un 

1 

i : 

Un 


^ In this and subsequent tables H = Heidenhain pouch; P = Pavlov type of pouch; 
T = transplanted gastric pouch; Tr = trace of histamine detected in juice (2.5 to 5 micro- 
grams of histamine per liter); Un = histamine undetectable in juice. 


able, in 4 samples a trace Avas present and in the remaining 22 the histamine 
equivalent varied from 5.0 to 36.4 micrograms per hter (table 3). 

When the results of the two modes of histamine administration are combined, 
it is found that histamine activit}’- was present in readily assa 3 ’'able quantities in 
43 of the 58 samples of ‘histamine’ gastric juice. In an additional 10 samples it 
was present as a trace. In 5 samples it aabs undetectable. The conclusion is 
draATO that histamine is usually present in gastric juice secreted by PavloA^, 
Heidenhain and transplanted tjqAes of gastric pouches in response to the injection 
of histamine. It is noteAvorth 3 ’- that histamine AA^as undetectable by the methods 
employed in this study in 5 of the 58 samples tested. 

There was no consistent indication of correlation between the concentration of 
histamine and the concentration of hydrochloric acid in the gastric juice AA^hen 
the histamine was given in either beesAA-ax mi.xture or saline solution. Also, no 
correlation AA-as eAudent between the concentration of histamine in the juice and 
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the output of hydrochloric acid per hour from the different pouches when hista- 
mine was given in saline solution. Wlien the histamine was given in beeswax, 
the higher rates of acid output were associated vdth low concentrations of hista- 
mine activity, and the higher histamine equivalents were associated with low 
outputs of hydrochloric acid. For example, at rates of output of hydrochloric 
acid of more than 100 mgm. per hour, a histamine equivalent value of more than 
15 micrograms per liter was present in only 2 of the 16 samples of such juice, 
while at rates of output of less than 100 mgm. of hj^drochloric acid per hour hista- 


Table 3. Histamine equivalent of dogs’ gastric juice secreted in response to subcutaneous 
injection of 1 mgm . of histamine base in physiologic saline sohctiori 


ANIMAL 

POUCH, TYPE 

inCROGEAUS OF HISTAillNE EQUIVALENT FEB LITER OF GASTRIC JUICE 

Experiment number 

1 

2 

3 

4 

A 

P 

6.3 

Tr 

Un 

Un 



5.0 

5.3 



B 

P 

36.4 

36.4 

i 

21.4 

35.8 

G 

H 

15.6 

7.5 

' 31.3 

7.5 

F 

H 

5.0 



1 

,G 

P 

5.0 

5.0 

11.8 

10.4 

HI 

P 

14.3 









Tr 

I 

H 

21.7 

5.0 

15.6 

Tr 






Tr 

J 

T 

35.7 




K 

T 

30.0 





^ 0.5 mgm. histamine injected subcutaneously in this animal. 


mine equivalents of more than 15 micrograms per liter were present in half the 
14 samples. Thus, while half of the samples mth comparatively low rates of acid 
output (less than 100 mgm. per hour) had low histamine activity, practically all 
of the samples with high rates of acid output had low histamine equivalents. 
Since even this correlation was absent Avhen the histamine was given in saline 
solution, its existence is ascribed to the mode of administration of histamine. 

(b) Histamine equivalent of gastric juice secreted in response to the injection of 
mecholyl chloride. As Gray and Ivy (16) have shovm, when doses of mecholyl 
chloride which are optimal for stimulation of gastric secretion are given subcu- 
taneously to dogs eveiy 10 minutes, there occurs a peak and decline of gastric 
secretion over a period of about 4 hours. This sequence was reproduced in the 
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present experiments when mecholyl chloride was administered subcutaneously 
in doses of 0.1 to 0.15 mgm. ever 5 ’- 10 minutes and intravenously by continuous 
drip in doses of 0.5 to 1.0 mgm. per hour in 5 dogs that had Heidenhain pouches. 

1. In one group of experiments the histamine equivalents of individual samples 
of gastric juice secreted in response to injection of mecholyl chloride were esti- 
mated. Histamine activity was present in readily estimable quantities in all of 
the 18 samples obtained. The concentration of activity varied from 7.2 to 140.0 
micrograms per liter (table 4). In three experiments in which sufficient juice 
was secreted for assay of consecutive samples, high values occurred during the 
initial period of stimulation (table 4). 


Table 4. Histamine equivalent of gastric juice secreted by Heidenhain pouches in dogs in 
response to subcutaneous or intravenous injection of mecholyl chloride 


MICROGRAMS OF HISTAMINE EQHIVAI.ENT PER LITER GASTRIC JUICE 


ANIMAL 


Experiment number 



1 

2 

3 

4 

5 

6 


26.31 

25.51 

25.01 

17. 

1 

7.21 

25.01 

F 

45.81 




1 


I 

140.01 

117.52 

57.2 

22.21 

41.72 

27.8 

25.0 

35.0 

41.7 


1 

1 

L 

83.32 

31.2 





1 


t Pooled samples of entire experiment. 

- Consecutive samples collected during 60- to 90-minute periods. 


Although in one experiment there was a tendency for the higher histamine 
equivalents to be associated with the lower concentrations and lower outputs of 
h3’’drochloric acid, in general there was no correlation between the concentration 
of histamine activity in the juice and the concentration of h^’^drochloric acid or the 
rate of output of hydrochloric acid from the mucosa. 

2. A second group of experiments Avas carried out to test further Avhether there 
was a correlation betAveen the rate of secretion of hydrochloric acid and the hista- 
mine equivalent of the gastric juice. Mecholyl chloride AA'-as gwen subcutane- 
ously ever}’- 10 minutes on nine different occasions to each of 3 dogs AAuth Heiden- 
hain pouches. Samples of gastric juice from each of the 3 dogs Avere collected 
and accumulated separately according to their rates of secretion of hydrochloric 
acid. The secretory rates selected for separate collections were 0-20, 21-40, 
41-60 and so on up to 181-200 mgm. of hydrochloric acid per hour. 

All of the pooled satnples contained histamine in readib’- estimable quantities 
(8-40 micrograms per liter). There was no positwe correlation betAA-een the rate 
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of secretion of hydrochloric acid and the amount of histamine activity in the juice. 
Indeed, the highest histamine equivalent values were consistently associated with 
the lower rates of acid secretion (table 5). 

(c) Histamine equivalent of dogs' gastric juice secreted in response to hypo- 
glycemia. Hypoglycemia was induced in experiments on 4 dogs with Pavlov 


TABiiE 5. Histamine equivalent of gastric juice secreted by three dogs with Hcidcnhain 

pouches in response to niccholyl chloride 



mCROGRAUS HISTAMIKE ACTIVITY PER LITER GASTRIC JUICE 

KATE OP SECKETION OP HyOKOCHLORtC 
ACID, MGiT. PER HR. 

Animal 


M 

c 

F 

0-20 

27.0 

19.0 

' 16.0 


(9)‘ 

(8) 

(5) 

21-40 


IS.O 

23.0 


(8) 

(6) 

(7) 

41-60 

21.0 

15.0 

20.0 


(7) • 

(5) 

(4) 

61-80 

23.0 

10.0 

10.0 


(3) 

(1) 

(7) 

81-100 

9.0 1 


8.0 


(1) 


(2) 

101-120 



12.0 




; 

121-140 



12.5 

. 



(1) 

141-160 

- 

s.o 

12.5 



(1) 

(1) 

181-200 


8.0 




(1) 



1 Values inparentheses are the number of separate samples of juice comprising the pooled 
sample on which the histamine equivalent was determined. 


types of pouches by the intravenous injection of from 0.5 to 1.0 unit of regular 
insulin per kilogram of body weight. Among 11 samples of resulting gastric 
juice, estimable quantities of histamine varying in concentration from 6.3 to 25.0 
micrograms per liter were present in 7, a trace was found in one and no histamine 
was detectable in 3. Concentration of free hydrochloric acid in the juice varied 
from 0.197 to 0.409%. The conclusion is draivn that histamine activity is 
usually present in gastric juice secreted by the dog in response to hypoglycemia. 

The number of tests in this series of experiments has been regarded as too small 
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to give a satisfactoiy appraisal of possible histamine-acid relationships. The 
data obtained, however, gave no evidence of a consistent relationship between 
the concentration of histamine activity and the concentration or output of 
hydrochloric acid in the juice. 


Table 6. Histamine equivalent of gastric juice secreted by dogs with Pavlov-type pouches in 
response to feeding of 160 to SOO grams of raw horse meat 




MICROGRAMS HISTAMINE BASE PER LITER GASTRIC JUICE SECRETED AFTER MEAT MEAL 

ANIMAL 

TEST 










i hr. 

1 hr. 1 

IJ hr. 

2 hr. 

2} hr. 

3 hr. 

3J hr. 

4 hr. 

A 

1 


mm 

1 

Tr 

Un 

Tr 





2 

Un 1 


Un j 







3 



5.0 1 

5.0 






4 

11.2 

Tr 

Tr 

Tr 

Tr 

Tr 


5 

Un 

Un 

Un j 

Un 

Un 

Un 

Un 



6 

6.6 

Un 

Un 

Un 

Un 

Un 

Un 



7 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 



8 

Un 

i 

Tr 

Un 

Un 

Un 

Un 



9 

8.5 

6.3 

Tr 

Tr 

Tr 




B 

1 

37.5 



16.6 

1 


13.6 


2 


7.9 

8.6 

9.3 

1 8.4 

G 

1 

6.6 

6.6 

Tr 

1 

Tr 

Tr 

Tr 




2 

5.9 1 

5.9 

5.0 

Tr 

Tr 

Tr 




3 

Tr 

Un 

Un 

Un 

Un 1 

1 

Un 

Un 

i 


H 

1 

25.0 

12.5 

15.0 

15.0 

11.3 





2 

8.0 

7.0 

5.0 

Tr 

Tr 

5.0 

Tr 



3 

26.7 

6.3 

Tr 


Tr 



1 


4 

58.8 

14.3 

10.0 

; 8.0 


1 



N 

1 

9.0 

22.0 

5.0 

7.5 

1 

12.0 . 

0 

1 

Tr 

12.0 

5.6 

1 

6.0 

5.0 

5.0 



P 

1 

40.0 


18.2 

22.2 

21.1 

27.0 




2 

Un 


Un 







3 

35.0 


22.5 

20.0 




Q 

1 

Un 

Tr 

1 Tr 





(d) Histamine equivalent of dogs’ gastric juice secreted by Pavlov -pouches in re- 
sponse to a meat meal. Histamine estimations were made on 124 samples of gas- 
tric juice secreted from Pavlov types of pouches in 8 dogs during 24 dijEferent tests 
in which the animals ate a meat meal. Histamine concentrations of 5.0 to 58.8 
micrograms per liter were found in 59 of the 124 samples. Traces of activity 
were present in 34 samples, and no activity was detectable in the remaining 31 
samples (table 6). 

In the 17 experiments in which activity was present in sufficient concentration 
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for a quantitative assay, the histamine equivalent of the juice secreted during the 
first hour after feeding was higher than that secreted subsequently (table 6). 
In an effort to determine whether these initial high values were due to a washing 
out of histamine lying in the resting gastric glands, experiments were performed 
in which, to flush out the glands, a subcutaneous injection of 0.5 to 1.0 mgm. of 
histamine was given 45 to 90 minutes before feeding the meal. In 4 of 5 tests in 
which estimable quantities of histamine activity were present, the gradient of 
greater to lesser histamine equivalents during the progress of the response to the 
meal was preserved even after the preliminary washing out of the gastric glands 
by the juice secreted in response to the histamine (table 7). 

Thus, when estimable quantities of activity were present, there was a definite 
sequence of changes in the amount of histamine activity in the juice as the re- 


Table 7. Histamine equivalent, inicrograms per liter, of gastric juice from Pavlov pouches 
in dogs secreted in rcspoiisc to snhcutancous injection of 0.6 to 1.0 mgm. of 
histamine followed by a meat meal 


ANIMAL 

TEST 

HOURS 

BEFORE 

MEAL 

HOURS AFTER MEAL 

a 

1c 

i 

! 1 

U 

2 

2i 

3 

3i 

4 

45 

A 

11 

12 

Un 

Un 

Un 

Un 

1 

Un 

Un 

1 

1 

Un 

In 

Un 

b 

u» , 

rn 

Un 

Un 

Un 


B 

3 

4 

1 

35.8 

-i 

m 


5.0 

10 

1! 


8. 

3 

1 ' 

■ 

■ 

.3 

G 

4 

5 

11. s 

10.4 

5.6 

6.2 

5.0 

Tr 

Tr ! Tr 
Tr 

Tr 1 

Tr 

1 i 

Tr 


ri 

5 

14.3 

14.3 

7.5 

6.3 

5.0 

6.5 

7.0 

7.3 

6.5 



* Histamine equivalent not determined. 


sponse to the meal progressed. This sequence has been compared with the 
sequence of changes in concentration of hydrochloric acid in the juice and output 
of hydrochloric acid from the pouch. In 21 of the 24 experiments maximal out- 
put of hydrochloric acid (milligrams of hydrochloric acid per hour) was reached 
in the second half -hour period when the acid concentration had also reached or 
very nearly reached its maximum, but with few exceptions the amount of hista- 
mine activity in the juice had bj’- then definitely declined. During the remainder 
of the response the concentration of histamine activity leveled off at low values, 
the acid concentration leveled off at a high value showing only minor fluctuations 
about its maximum and the acid output, although declining gradually, still 
continued at a high rate. This sequence of changes is illustrated graphically in 
figure 1. A representative example of the variability between tests in one ani- 
mal is shown (left side of figure 1), and the close similarity in the pattern of the 
changes in different dogs with similar pouches is illustrated by the averages of a 
number of tests on each of three animals (right side of figure 1). 








































602 


C. F. CODE, G. A. HALLENBECK AND H. A. GREGORY 


As expected frora the sequence illustrated, there was a tendency for the higher 
histamine equivalents to be associated Avith the loAver concentrations of hydro- 
chloric acid and for the lower histamine equivalents to be found in the juice Avith 
the higher acid concentrations. Complete data Avere obtained during 18 trials 
AA'ith 6 of the animals. One of the animals consistently shov'ed so little hista- 
mine in the juice that an accurate search for correlations could not be made. In 
the remaining 5 dogs, on AAdiich 14 tests AA^ere made, histamine acthdty AA^as present 
in amounts Avhich alloAved quantitative assay in 12 instances. In all but two of 
these the highest histamine actiAutA’- Amlues AA'ere associated AAUth the loAA^est con- 



FiG. 1. COKCENTKATION OF HA'DKOCHLOBIC ACID, OUTPUT OF HYDKOCHLORIC ACID AND HIS- 
TAAiiNE ACTiAUTY IN GASTRIC JUICE Secreted during 30-niinute periods from Pavlov types of 
gastric pouches in dogs after eating a meat meal. 


centrations of hydrochloric acid and occurred in the first sample of juice secreted. 
Also, in eA'^eiy experiment the first sample of juice collected had the loAvest acid 
concentration. AVith the exception of only one test, the high concentrations of 
hydrochloric acid Avere found in .juice containing small or inestimable quantities 
of histamine activity. 

There aa'us not a direct correlation between the concentration of histamine 
activitj' and the output of hydrochloric acid per hour by the pouches. As a rule, 
hoAvever, maximal acid outputs from the pouches were accompanied by Ioav or 
inestimable concentrations of histamine activity. 

Taa’o points of physiologic significance derived from this search for correlations 
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deserve emphasis. First, the highest concentration of histamine activity usually 
occurred in the juice secreted during the first 30 minutes, when the concentration 
of acid in the juice was lowest and the output of hydrochloric acid was just build- 
ing up to a maximum. Later in the response the histamine concentration in the 
juice consistently fell to a low level, while the acid concentration stayed at or near 
maximum and the output of hydrochloric acid declined only slowly. In these 
experiments, therefore, high histamine equivalents were associated with the initi- 
. ation of secretion, and low equivalents were associated with the continuation or 
maintenance of secretion. Second, in the later stages of the response to the meal, 
as in the case of the response to the injection of histamine, a very efficient secre- 
tion of hydrochloric acid consistently occurred in conjunction with very low con- 
centrations of histamine activity in the juice. 

COMMENT 

In this study the terms ‘histamine activity’ and ‘histamine equivalent’ have 
been used because it is felt that until the active constituent in the extracts of 
gastric juice has been chemically isolated and identified, its definite designation 
cannot be made. Experience gained in the research, however, supports the view 
that the active ingredient in the final extracts was histamine. 

When histamine was given in beeswax, the high concentrations of activity in 
the juice always occurred early in the response. Previous experience has shown 
that this is usually the time of maximal absorption of histamine from waxy mix- 
• tures. Particles of histamine located at the surface of the injected mass are 
apparently quickly dissolved and absorbed. Sometimes, with, large doses, suffi- 
cient histamine has been liberated at this time to produce symptoms of shock, 
and in the present study this did occur on one occasion. In the presence of such 
toxic concentrations gastric secretion is often slight or absent. Thus, just as 
gastric secretion was starting, the maximal amount of histamine was circulating 
in the blood and this quantity may often have been in excess of that needed for 
optimal stimulation of gastric secretion. It is probable that these factors account 
for the association of high concentrations of histamine activity with low rates of 
acid output in the juice secreted during the initial phases of the response to hista- 
mine in the beeswax mixture. 

In the study, 58 samples of gastric juice secreted in response to the injection of 
histamine were tested. In 5, histamine activity was absent or at least undetecta- 
ble. The finding is important since there can be little doubt that these samples 
of juice were produced as a result of the action of histamine in the gastric mucosa. 

Also, while in general, with histamine stimulation, correlations between the 
amounts of histamine activity and content and output of hydrochloric acid in the 
juice were lacking, one fact of physiologic importance is evident. High concen- 
trations and rapid rates of output of hydrocliloric acid often occurred when the 
concentration of histamine activity in the juice was exceedingly low or even unde- 
tectable by the methods used in the study. Thus, even when the gastric mucosa 
was being stimulated by histamine brought to it by the blood stream, maximal 
concentrations and high rates of output of hydrochloric acid occurred in the juice 
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without the cause of the stimulation, in this case histamine, being detectable in 
the juice. In view of this result, when histamine activity was undetectable in 
samples of juice resulting from other forms of stimulation, the conclusion could 
not then be draw that the juice had been produced without the participation of 
histamine in the secretory process. 

In experiments in which gastric juice was collected from the whole stomach 
during vagal stimulation, Macintosh found no correlation between the acidity or 
digestive power of such juice and its histamine equivalent. He did note, how- 
ever, an apparent tendency for a high rate of secretion to be associated with a 
high histamine equivalent. Such a result was not obtained in the present inves- 
tigation. It should be emphasized, however, that direct vagal stimulation was 
not employed in our study, and juice was obtained from pouches of the stomach 
and not from the entire stomach. These differences may account for the differ- 
ences in the results. They serve also to emphasize one of the limitations of the 
present investigation. 

Not all of the factors which produce secretion in the stomach of the intact ani- 
mal as the result of eating a meal were tested in the experiments reported. Psy- 
chic (nervous) and humoral mechanisms were most likely responsible for the 
secretion from the Pavlov pouches following the ingestion of the meal, but in the 
intact stomach the presence of the meal itself produces local stimulation and the 
histamine equivalent of juice so derived was not determined in this study. 

The general lack of positive correlations between the concentration of hista- 
mine activity and the amount or rate of secretion of hydrochloric acid obseived 
in our experiments might, on first consideration, be regarded as opening to some 
question the validity of the hypothesis that histamine is concerned in the mecha- 
nism which produces acid gastric juice. The possibility that the presence of 
histamine activity in gastric juice is purely incidental to the general metabohsm 
of the mucosal cells and is not related directly to the secretion of gastric juice 
must be considered in the light of these experiments. Yet so much evidence for 
the participation of histamine or a histamine-like substance in gastric secretion 
has accumulated that apphcation of the histamine hypothesis seems more justi- 
fied and more hkely to be productive than if some other interpretation is sought. 
From this viewpoint the lack 'of correlation may be taken to indicate that not all 
of the histamine or not all of the secretory factors concerned were being deter- 
mined by simply estimating the amount of histamine activity in the juice. The 
cells of the gastric mucosa may offer a barrier to the passage of histamine into the 
juice, and the amount allowed to pass into the juice may vary under different 
circumstances. Also, the amounts of histamine which must be free in the mucosa 
to initiate secretion, and the amounts which are needed to maintain secretion, 
may differ and may vaiy Mth changing conditions. In addition, the demon- 
stration by Brunschwig and co-workers (17, 18) of a gastric secretory inhibitor 
in gastric juice indicates that other factoi’s may also be involved. If secretory 
and inhibitory substances are normally in operation, then correlations will 
certainly not be obtained until both can be measured quantitatively and 
simultaneously. 

In the light of such considerations it seems evident that little more of a definite 
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nature can be stated as a result of the experiments reported here than that hista- 
mine activity was usually present in canine gastric juice secreted from pouches in 
response to a variety of stimuli and that the data are in general agreement with 
the concept that histamine may be a common local chemostimulator to the cells 
of the gastric mucosa for a variety of physiologic mechanisms which lead to the 
production of gastric juice. 


SUMMARY 

1. Gastric juice secreted in response to the injection of histamine as a rule 
manifested histamine activity. In some samples, however, none was detectable 
by the methods used in this study. 

2. Gastric juice secreted in response to mecholyl chloride uniformly contained 
readily estimable quantities of histamine activity. 

3. Gastric juice secreted in response to the intravenous injection of insulin in 
doses of 0.5 to 1 unit per kilogram of body weight usually manifested histamine 
activity. 

4. Three fourths of the samples of gastric juice secreted from Pavlov pouches 
in response to the feeding of a meat meal contained detectable quantities of hista- 
mine activity. When present in estimable quantities, the concentration of hista- 
mine activity in the juice was greatest during the first hour of the response to the 
meal. 

5. In general, high concentrations of histamine activity were found in juice in 
which the concentration of hydrochloric acid was comparatively low and the acid 
output from the pouches (milligrams of hydrochloric acid per hour) was also lowj 
high concentrations of acid in the juice and high acid outputs from the pouches 
were as a rule associated with low concentrations of histamine activity. 
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In another communication (1) it tvas reported that blood plasma obtained 
from cats which had been subjected to f-2 hours of hypotension was capable of 
causing a sustained elevation of blood pressure (BP) when injected intravenously 
into cats that had been nephrectomized two days prior to the tests. The un- 
usual pressor effect was believed to be due to the presence in the plasma of a 
previously undescribed pressor principle which had emanated from the Iddneys 
during the period of hypotension. The intravenous injection of plasma contain- 
ing the pressor principle into normal non-nephrectomized cats was observed to 
cause only unsustained elevations of BP. As a possible explanation for the 
difference in responses, it was suggested that the kidneys might be concerned 
in the elaboration of a substance which could inactivate the pressor principle 
or otherwise inhibit its action. 

In the present paper further observations are reported on the possible role 
played by the kidneys in modifying the responses to the pressor agent. 

METHODS 

Active plasmas, i.e., those capable of causing a sustained elevation of pressure, 
were obtained from the terminal blood of cats which had died of ‘natural causes’ 
or from DDT poisoning, or from cats which had been subjected to a period of 
hypotension as the result of bleeding (1). Later it was found that plasma 
containing the pressor substance could also be obtained from the blood of cats 
which had been given intravenous injections of semicrude extracts of cat kidneys 
( 2 ). 

A satisfactory method for standardizing the sustained pressor activity is not 
yet available. Although the pressor potency of different plasmas varies some- 
what, 2 ml. has been arbitrarily chosen as the quantity of plasma to be injected, 
so that a relative, if inexact, comparison of the pressor responses could be made. 
In all instances in which consecutive injections were made, the same plasma 
was used throughout the experiment. 

Two different types of test animals were prepared: a) normal cats were ne- 
plrrectomized under pentobarbital sodium anesthesia, and from 1 to 48 hours 
later the 3 ^ Avere pithed^ as previously described (1) ; V) normal cats Avere anesthe- 

1 Pithed preparations were used exclusively in the present experiments for several 
reasons: o) the blood-pressure level in the pithed cat is relatively stable; b) the necessity 
for maintaining a constant leA'el of anesthesia is eliminated; and c) because of the normally 
low blood pressure, three or four consecutive sustained pressor responses may be obtained 
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tized and'tlirougli a midline incision each Iddney was freed from the surrounding 
fat and adjacent peritoneum. A loop of heavy thread was placed loosely around 
each renal pedicle and the ends carried to the outside through the operative 
incision. Eighteen to 24 hours later, a) before anesthesia, b) after anesthesia but 
before pithing or c) after pithing, the ends of each tlu’ead were passed through 
a small tube which was then inserted through the incision to the region of the 
renal pedicle. By applying traction on the threads the renal pedicles were 
‘snared’ tightly against the ends of the tubes. It was felt that by this pro- 
cedure the animal would be functionally ‘neplnectomized’ with the least possible 
trauma. The effectiveness of the clamping procedure was verified at the end 
of each experiment bj’’ administering a dye intravenously and examining sections 
of the kidneys postmortem. 


RESULTS ' 

Including the experiments previously reported concerning the sustained 
pressor principle (1, 2), plasmas from the terminal bloods obtained from 123 
cats have possessed the ability to cause a sustained elevation of BP when in- 
jected intravenously into pithed cats which had previously been bilaterally 
nephrectomized. The active plasmas were obtained from 12 cats which had died 
spontaneously, 60 which had been lolled by the intraperitoneal injection of a 
solution of DDT, 13 which had been subjected to hemorrhagic hypotension for 
a period of 30 minutes-2 hours or from 38 which had received intravenous in- 
jections of semicrude extracts of cat Iddneys. 

Among the different types of test animals the responses to the active plasmas 
varied in several ways. There was a fair degree of correlation between the time 
■ folloufing nephrectomj' and the observation of a sustained pressor response to the 
initial injection. In general the cats nephrectomized two days before were 
quite sensitive and seldom failed to exhibit sustained responses. However, the 
animals which had been nephi’ectomized only a few hours before often responded 
to the injection of active plasma with a rise in BP which subsided to the base 
level in 10-20 minutes. Repeated injections of the same plasma were sometimes 
followed by similar unsustained responses, but frequently the second or third 
injection caused well sustained pressure elevations. In table 1 are presented the 
results of all cat experiments performed to date, tabulated according to the 
type of response obtained with the eight different kinds of preparations used. 

DISCUSSION 

Repeated injections of active plasma into normal cats with kidneys intact 
have not been found to cause a sustained elevation of BP (table 1, column 5);. 
the typical response observed was an acute rise in pressure (15-30 mm. Hg) 
Avhich subsided completely over a period of 10-20 mmutes. If the return of 


before the anireal’s maximum blood-pressure level is reached. The injections were begun 
uhen the BP had reached a reasonabty constant level, which. was usually 20-40 minutes 
after pithing. 
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the BP to the control level is interpreted to mean that the sustained pressor 
principle was being inactivated or destroyed, the most likely possibilities to be 
considered are mechanisms for inactivation within the kidney or a substance 
elaborated by the kidney. The fact that unsustained responses have been 
obtained up to 48 hours after the kidneys had been removed (table 1, line 2, 
columns 1, 2, 3, 4) indicates that any inactivatmg mechanism involving the 
actual presence of the Iddneys in the anunal cannot be the only factor responsible 
for the subsidence of the pressor effect. 
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Table 1 

Abbreviated notations in columns 4, 6, 7 and 8 indicate sequence of procedures and ob- 
servations. N, nephrectomy; C, renal pedicles clamped; U, unsustained responses; and 
sustained responses. CJnbracketed numerals preceding U or S indicate number of responses 
observed. Bracketed numerals indicate number of hours following nephrectomy or clamp- 
ing that the responses were observed. Example— (1st experiment, column 6, line 2) pedicles 
clamped, 4 unsustained responses obtained within one hour after clamping, first sustained 
response observed 1.5 hours after clamping. 

Mean blood pressure tracings of pithed cats. Ordinate scales — mm. Hg. Time marker 
— 1 minute. 

In many instances one or more unsustained responses were obtained, following 
which subsequent injections of the same plasma caused sustained pressor re- 
sponses (table 1, line 2; figs. 1 and 2). In the nephrectomized series this phe- 
nomenon occurred most frequently in the cats from which the kidneys had 
been removed 1-6 hours previously, and it was not uncommon in the 24-hour 
group. Unsustained initial responses were also observed in the animals in which 
the Iddneys were excluded from the circulation by constriction of the renal 
pedicles (table 1, line 2, columns 6, 7, 8; fig. 3). Although the evidence avail- 
able at the present time is not conclusive, the experiments suggest the possibility 
that an inhibitor of the pressor substance could have remained in the nephrec- 
tomized animals and accounted for the subsidence of the BP elevations; -with 
repeated injections of the pressor material the hypothetical inhibitor may have 
been 'neutralized’ or exhausted, and thereafter the pressor responses were sus- 
tained. 
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If such an inhibitor mechanism or substance does remain in the animal after 
removal of the kidneys, its effectiveness is relatively short-lived when repeated 
injections of active plasma are given. Even without injections of the pressor 
material there appears to be a spontaneous disappearance of the inhibitor effect, 
since about one-half of the test cats nephrcctomized 6 hours before, three-quar- 
ters of the ‘one-daj’- nephrectomized’ cats and essentially all of the ‘two-day 
nephrcctomized’ cats exhibited initial responses which were sustained (table 
1, line 1, columns 1, 2, 3). As the length of time after nephrectomy increases. 



Fig. 1. Cat nephrectomized 24 hours before. Initial IV injection of 2 ml. of dialyzed 
active cat plasma at 1 caused unsustained pressor response. Injection of 2 ml. of the same 
plasma at 2 and 4 caused sustained responses; S, injection of angiotonin. 

Fig. 1 {coni’ d) . Remainder of record showing spontaneous gradual decline of BP toward 
end of experiment (see text) (32ZC-3G7). 

Fig. 2. Cat nephrectomized 6 hours before; 2 ml. of same active plasma injected at 
1, 2 and 3. Unsustained initial pressor response followed b 3 ^ two sustained responses 
{32ZC-315). 

Fig. 3. Normal cat with loops of thread placed (without constriction) around renal 
pedicles 24 hours before. Two milliliters of dialyzed, active cat plasma injected at 1, 2, 3, 
5, 8, 7, 8, 9, 10. Threads tightened around both renal pedicles at 4- Line drawn at mean 
BP level of 50 mm. to facilitate visualizing sustained elevation of pressure (32ZC-376). 

the animal is progressively more likely to maintain the elevation of BP follovdng 
the first injection of active plasma. 

In many of the experiments it was not possible to demonstrate sustained 
rises in BP even with repeated injections of plasma given over several hours. 
The physiological state of the animal late in the experiment is a factor which 
may be responsible for the failure to observe sustained responses in certain 
of the experiments (see table 1, line 5). There was usually evident, from 2 to 
5 hours after pithing (and occasionally sooner), a very gi-adual, spontaneous 
decline in the cats’ BP, which was more noticeable if the BP had previously 
been elevated by the injection of active plasma (see fig. 1, cont’d.)-, thereafter, 
injections of plasma caused comparable elevations of BP, but they were in- 
variably unsustained. Under these circumstances it was not possible to tell 
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whether a specific inhibitor mechanism was still functioning or whether the 
general condition of the animal had deteriorated to such an extent that the 
induced elevation of BP could not be maintained. 

The degree of azotemia (table 1, line 6) and the retention of other substances 
associated with impending uremia are probablj^ not concerned in determining 
the type of response to the pressor principle, since unsustained and sustained 
I'esponses are observed to occur consecutive^ within a period of 20-30 minutes, 
an interval which would seem much too short for any significant ‘uremic’ change 
to have taken place. Furthermore, sustained responses have been obtained 
within an hour after constriction of the renal pedicles, and at the end of these 
experiments the blood urea nitrogen was found to be slightly elevated but not 
greatly in excess of the average normal level. Conversely, unsustained initial 
responses were observed in animals nephrectomized 24 hours before, although 
the degree of nitrogen retention was considerably greater (table 1, line 6). 

However, there are indications that as the period of time following nephrec- 
tomy increases, the animals’ sensitivity to the pressor principle also increases. 
The sustained elevations in pressure were often 1.5 to 4 times as gi’eat in the 
pithed cats, nephrectomized two daj'^s before, as in those nephrectomized only a 
few hours before. Also, the maximum level to which the BP could be raised 
by repeated injections of active plasma usually ranged between 160 and 180 
mm. Hg in the ‘two-day nephrectomized’ pithed cats, while the top levels for 
the recently nephrectomized animals more often varied between 110 and 150 
mm. Hg. The e.xplanation for the progressive increase in sensitivity is not 
linown. It has been a common finding that cats which have been nephrecto- 
mized one or two daj^s prior to testing are more sensitive to angiotonin and also 
to tju'amine. It is conceivable that some nonspecific change in the animal 
incident to the development of uremia could be responsible for augmenting the 
responses to these substances as well as to the sustained pressor principle. 

Last to be considered is the role the kidneys may play directly in preventing 
or abolishing the sustained pressor effect of the pressor substance. Although 
none of the animals with intact kidneys have exhibited sustained responses 
at any time, it has not yet been determined to what extent, if any, the pressor 
principle may have been ‘inactivated’ during passage through the kidneys. 
The unsustained responses obtained before and immediately after clamping 
of the renal pedicles were not materially different in magnitude or contour 
(fig. 3), and under these conditions the exclusion of the kidneys from the circula- 
tion did not immediately lessen by a discernible amount the existing tendency 
for the responses to be unsustained. The apparent inactivation or destruction 
of the pressor principle, therefore, could not be attributed exclusively to an 
intrarenal mechanism. Since unsustained pressor responses were observed to 
occur progressively less frequentty as. the interval of time following nephrectomy 
was increased, and since sustained responses were often obtained only after 
repeated injections of active plasma (table 1, line 2), it would appear more 
likely that: a) the kidneys may secrete a substance which is an inhibitor or other- 
wise functions as an antagonist to the sustained pressor principle; h) the h 3 ^pothe- 
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tical inhibitor spontaneous^ disappears from the animal following bilateral 
nephrectomy; c) it is apparently 'neutralized’ or rendered ineffective by the 
repeated intravenous administration of plasma containing the pressor principle. 

SUMMARY 

As previously reported there appears in the blood plasma of cats a pressor 
substance which presumably emanates from the Iddneys as a consequence of 
decreased blood flow (or blood pressure) within these organs. Unlike other 
knovm biological pressor substances, it possesses the ability to cause a sustained 
elevation of BP when injected intravenousty into cats which have been nephrec- 
tomized several hours to several days before. 

Repeated injections of plasma containing the pressor principle have caused 
onty acute, unsustained rises in blood pressure in normal cats (Iddneys intact). 
In animals from which the Iddnej’^s have been acutely removed or excluded from 
the circulation, the initial pressor responses were unsustained, but vdth repeated 
injections of the plasma sustained responses were ultimately observed. 

Cats which had been nephi-ectomized 6-24 hours before not infrequently 
exhibited unsustained responses to the fh-st injection of plasma containing the 
pressor principle, but the responses to the second or third injections were well 
sustained. The initial responses in cats neplu-ectomized 48 hours before were 
almost invariably sustained. 

The failure of certain of the pressor responses to be sustained suggests the 
possibility that the pressor principle injected into the blood stream may be 
inactivated or its action othendse inhibited. In the non-nephrectomized 
animals it has not yet been determined to what extent, if any, ‘inactivation’ 
may have taken place idthin the Iddneys. Other experiments in the present 
study offer supporting evidence for the hypothesis that: a) the kidneys may 
secrete an inhibitor of the pressor principle under conditions of normal blood 
flow (or blood pressure) -within these organs; b) the inhibitor remains in the 
animal after removal of the kidneys but diminishes progressively as the time 
folio-wing nephrectomy increases; and c) the inhibitor may be neutralized or 
exhausted by repeated injections of plasma containing the sustained pressor 
principle. 

Grateful acknowledgement is made to Mr. E,. J. Parker, Mr. W. R. Cherry and Mr. C. 
Wilson for their technical assistance. 
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The present report describes certain experiments made upon (essentially) 
isolated voluntary muscles of the human subjects Opportunity will also be 
taken to discuss certain matters of theoretical interest in muscle physiology, 

IVIATERIAIiS AND METHODS 

Four German amputees and two recently operated American amputees were 
available for the present study. These subjects, severally, had had cineplastic 
muscle tunnels placed through the flexors and extensors of the forearm, the 
biceps brachii, the triceps and a portion of the pectoralis major. Since these 
muscles had been freed from their bony insertions and deprived of their com- 
pensating skeletal lever arms, they were admirably suited for the study of muscle 
action. By insertion of pegs through the tunnels, affixed to stirmps, tensions 
developed by the muscles under various conditions were directly measurable. 
Furthermore, the activitj’’ of the muscles was produced by voluntary effort, 
and thus the pattern of neurostimulation was normal. 

A new type of dynamometer was constructed to measure tensions, consisting 
of calibrated aluminum rings to which were affixed SR-4 type A-1 electrical 
strain gauges. The distortion of the rings was less than 0.001 inch for a force of 
10 pounds. The gauges were connected in a conventional’ "WTeatstone bridge 
arrangement so that all gauges were additive and the bridge self-contained on the 
ring. This type of connection reduced to a minimum the effects of temperature 
drift and external connection variations. The galvanometers used for recording 
bridge imbalances were Heiland type A, and the recording instrument was -the 
Heiland type SE-301 R-12 oscillograph. 

To control the possibility that the subject on approaching his maximal effort 
might unconsciouslj^ draw the extremity away from the dynamometer, an ad- 
ditional ring (compression ring) with affixed strain gauges was so placed as to 
record the reacting compression force from the distal end of the stump. Should 
no compression force be registered, it indicated that the subject was pulling 
away from the apparatus and that spuriously high tensions were being registered. 

The experimental studies were divided into two groups: isometric muscle 
tension and isotonic (load-excursion) contractions. 

1 These experiments constitute a portion of the Prosthetic Devices Research Project, 
College of Engineering, University of California, Berkeley, under contract VAm-21223, 
National Research Council, Committee on Artificial Limbs. The project was under the 
general direction of H. D. Eberhart, Associate Professor of Civil Engineering. Thanks 
are due to the many workers who participated in the research. 
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In the isometric studies the subject was placed in such a position that the 
d 3 Tiamometer was in line with the dhection of contraction of the muscle being 
studied. The adjacent bonj^ parts wore placed against the djmamometer so 
that compression could be recorded, and the peg tlu-ough the muscle was con- 




Fig. 1. Strain gauge dynamometer. Top and middle; arrangement for isometric 
studies. Bottom: adaptation for load-excursion studies. 


nected by the stirrup and bicycle spokes to the aluminum rings. A turnbuckle 
and scale were inserted in the system in such a manner that passive changes in 
length of the muscle could be produced and measured. Recordings from the 
strain gauges could now be taken under conditions of passive stretch and under 
maximal voluntary contraction. Electromyograms, using surface electrodes, 
were routinely recorded. A rise of the integrated action potential to the same 
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maximum for successive runs assured equality of muscular effort. It was found 
that there was good agreement (within about 10%) between the tension de- 
veloped at a given length of muscle and the integrated action potential. 
Electrical activity of muscle was never observed during passive stretch. 



Fig. 2. Dyn.vmosieter in use. Above: biceps brachii. JSe?oia; pectoralis major. 


Load-excursion experiments were carried out on the same instrument, except 
that the tension rings were removed and replaced by a pullej'' and light cable to 
which was attached a weight pan. Increasing weights were added to the pan to 
produce passive stretch. The subject rather slowlj'- (2-5 seconds) lifted each 
weight as far as possible and tried to maintain a uniform speed of contraction. 

Details of the djmamometer and the experimental setup are shomi in figures 
1 and 2, 
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. ■ RESULTS AND DISCUSSION 

1. The iso77ietric le77glh-ic77sio7i diagra77i. Figure 4 shows the relationship 
between length and tension in the passive^ stretched (curve P) and the iso- 
metricalty contracted (curve I) flexors of the forearm. Since the absolute 
lengths of the muscles were not laiown in the present experiments, the changes 
in length have been plotted, beginning Avith minimal length in the resting and 
contracted states. A third curve has been added (curve A), Avhich is obtained 
by subtracting the passh^e tension from the isometric tension at corresponding 
lengths. This cuiwe has been variously called the 'contractile force’, the ‘de- 
A'eloped tension’ and the ‘extra tension’ cun^e by previous ini'^estigators, and has 
been extensmety discussed (1-7), 




Figs. 3A, 3B. Passia'e (P) and active (I) length-tension curves obtained from frog 
muscle by loading the muscle, then tetanizing and unloading. 3A, fatigued. 3B, fresh. 
See discussion in te.xt. 

Fig. 4. Isometric (I), passive (P) and developed tension (A) curves for the flexor 
muscles of the human forearm. 

Blix (1), in his studies of frog muscle, pointed out that if the purely passive 
tension of a stretched resting muscle Avere independent of the additional force 
developed upon contraction (for Avhich vieAV he believed there was considerable 
justification), it folloAved that subtracting the passwe curve from the isometric 
curve would yield a curve representing the contractile force. Pursuing this 
matter further, he showed that the A-curve exhibited a maximal value in the 
neighborhood of the ‘natural’ or resting length of the muscle, this being the 
length at which tension in the resting muscle first began to appear as the muscle 
Avas stretched. In figure 4 the resting length would correspond to the abscissal 
value 0.3. 

It is evident that the A-curve of figure 4 reproduces the characteristics of the 
contractile force curAJ-e as described by Blix for frog muscle. Ramsey and 
Street (5) show the same type of curve for the isolated Amlimtary muscle fiber. 
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Ramsey (6) has recently tried to fit the A-curA'^e AAOth a parabola. It is im- 
portant to note, as Blix pointed out, that AA'hereas the right-hand side of the 
A-cuTA'-e is obtained bj’’ subtracting Iaa^o experimental!}'' definable curves, the 
left-hand side, as customarily draAAm, assumes that the passive tension is zero. 
Since, hov'ever, AA'e IcnoAA’’ nothing of the passive tension beloAV the resting length, 
the form of the left-hand side of the A-curA’'e is open to question. 

It is of gi’eat physiological significance that the ‘prosthetic length’ in our 
subjects (that is, the length at AA'hich they liked to have their muscles placed in 
the artificial limb, and at Avhich they felt the}'- could exert the most force) cor- 
responded closely to the resting length. 

Figure 5 shoAA’-s the isometric length-tension diagram for the pectoralis major. 
At first sight, the form of the /-curve seems A’^ery different from that in figure 4. 




Fig. 5. Iso.metric and passive tension curves for the right pectoralis major of the 
human subject. The developed tension curve has not been drawn, since it is practically 
identical with the isometric curve. 

Fig. 6. Derivation of a series of isometric curves of various forms by adding a 
typical passive tension curve to each of a series of possible developed tension curves. Thus 
I is obtained by adding P to A,. See discussion in text. 

Had the experiment included measm-ements at much greater lengths, hoAA'ever, 
the /-curve Avould have started to rise, again, in company A\’'ith the P-curA'-e. 
The pectoralis is remarkably extensible, in this experiment an elongation of over 
4 inches being produced before the subject complained of discomfort. Within 
the range of lengths studied, the P-curve is so Ioav that the /-curve and the 
A-cuTA'-e (not draAvn) are practically identical. This constitutes an experimental 
justification for the view that the A-cmwe is independent of the P-curA’-e. As in 
figure 4, the maximum of the A-curve occurs near the resting length. 

BlLx Avas much impressed by the variations in form AA'hich the /-curve of a given 
muscle exhibited in different physiological states (freshness, fatigue, etc.) and 
Avith different experimental techniques. Tlie results shown in figures 3A and 
3B, from Blix (we have added the A-cm'A'-es), AA’-ere obtained by gradually loading 
a resting muscle, then tetanizing the muscle maximally and unloading it rapidly, 
but allowing time for the muscle to arrh'-e at an equilibrium length at each 
successiA’-e load. The differences in the tAA-o /-curA'^es Blix attributed, at least in 
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part, to fatigue. It Mill be observed that the J-cuive of figure 3B shoves a plateau 
like that of figure 4, but that the plateau is missing from the /-curve of figure 
3A. 

Blix pointed out that when the /-curve is obtained by the use of an isometric 
lever, there frequently occiu'S, especially if the muscle is fresh and vigorous, a 
secondary maximum and minimum in the curve. Such a curve is shomi in 
figure 6, Is, and in figure 7, the latter Having been plotted from data given by 
Blix. 

We explain* these variations in form of the /-curve as folloivs: referring to 
figui’e 6, draw a typical passive stretch curve, P. Since all s.tudies agree that the 
A-curve, representing developed tension, is convex upivard, ivith a maximum 
near the resting length, we may draw a series of possible A-curves, each having 



LENGTH — 

Fig. 7. Isometric length-tension diagram for frog muscle, showing a marked second- 
ary maximum and minimum in the I-curve. Compare with I 3 of figure 6 . 

the proper general form, but differing in maximal height (Ai, As, A3). The lowest 
A-curve would correspond to a weak or fatigued muscle, the highest to a fresh or 
vigorous muscle. We may then construct a series of /-curves by adding the 
tensions of the P-curve to those of the respective A-curves. The resulting /- 
curves differ markedly in form, these various forms being similar to those ob- 
served experimentally (figs. 4, 5, 7). The particular form of the /-curve is, 
however, of no special physiological significance, aside from indicating the 
ability of the muscle to develop tension in excess of the passive tension. 

Blix pointed out that the experiment of figures 3A-B (see description above) 
IS incapable of revealing the presence of a secondary maximum and minimum, 

- During the course of preparation of this paper, we discovered that Buchthal (7) had 
given a similar explanation. Since his discussion was very brief, and not clearly imple- 
mented, we have felt justified in retaining the discussion in the present paper. 
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since each successive point on the /-curve represents a smaller load. This is an 
elegant example of the subtle manner in which a particular experimental techni- 
que may alter the nature of the experimental results. 

/-curves like those of figures 4, 5, 6 and 7 are of gi’eat physiological interest. 
The presence of a plateau or of a secondary maximum and minimum is remi- 
niscent of the ‘yieJd points’ described for certain engineering materials. Buch- 
thal et al. (8) have suggested that ‘yielding’, in physiological muscular activity, 
ensures constant contraction tension over a large range of stretch. We are of the 
opinion, however, that this probably is not of as much importance in the intact 
body as the nice compensation which occurs between the mechanical advantage 
of joints in various positions and the forces exhibited by the muscles at those 
positions. Thus, when the arm is extended, the mechanical advantage for 
flexion is low, but the total force (contractile plus passive) which may be ex- 
hibited by the flexor muscles is high. The reverse is true when the arm is moder- 
ately flexed. In this connection, we may remark that the view sometimes e.x- 
pressed in the literature (for example Fenn, 9) that the resting length of muscles 
in the body is practically the same as the maximal extended length, is certainly 
not correct. Thus the restiug length of the flexor muscles of the forearm cor- 
responds to an angle at the elbow of approximatelj’- 90 degrees (10). 

Buchthal and Kaiser (11) have found that the ‘dynamic stiffness’ of both the 
resting and the contracted isolated muscle fiber is a linear function of tension. 


AT at 

Stiffness they define as ^ , where T is tension and L is length. ^ is therefore 


the slope of the tension-length curve. In their experiments they cause a muscle 
fiber to minutely shorten and lengthen at a rapid rate (100 cycles/sec.) and 
obtain therefrom a measure of the vibrational elasticity of the fiber, analogous 
to the sonic elasticity of engineering materials. Their result, put in the notation 

(FT 

of mfinitesunals, is that = constant. On integi’ation, it follows that L 

dl (Oj 


is a linear function of log T (i.e., T is an exponential function of L). We have 
plotted L against log T for one of our smoothest and most complete passive 
stretch curves (P of fig. 4) and found that the points fall along a straight line. 
This particular ‘static’ experiment, therefore, agrees with the ‘djmamic’ findings. 

Schoepfle and Gilson (12) have recently described an experiment on the re- 
tractor penis muscle of the turtle, suggesting that the elasticity of active muscle 
is the same, or nearly the same, as that of resting muscle at the same tension, 
and have thereby been led to develop a transverse expansion theory of muscle 
contraction. We do not ■wish to dispute this theoiy, since there may be a good 
deal to be said in its favor. However, we do wish to call attention to the great 
importance of examining in detail any experiment dealing -with the elastic char- 
acteristics of muscle. The study of muscle elasticity has been intensively 
pursued ever since the time of E. Weber, a centui'y ago, and anyone who reads the 
literature on the subject cannot fail to be impressed by the vast inconsistencies 
and contradictions in the results of the various investiga-tors. Fenn (9), one of 
the leading students of muscle phj’^iology, has ascribed' these discordant findings 
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to difficulties of interpretation. We should like to amplify this comment by 
saying that the particular muscle used, the conditions under which it is studied 
and the particular experimental teclmique employed are of absolutely critical 
importance in determining the results obtained. Blix was acutelj'' aware of this. 

Referring to figure 6, it is clear that if we are working with a muscle at a length 
well above the resting length, we may expect to find closer correspondence be- 
tween the elastic characteristics of the resting and contracted muscle than at 
shorter lengths, since the It and P-curves approach each other at greater lengths. 
More than that, when the A-curve is Ioav, the I- and P-curves approach each 
other very rapidly. The data in the paper of Schoepfle and Gilson suggest 
that they were worldng in a region of the 7- and P-curves where the slopes 
of the curves were nearly the same. Furthermore, it appears likely that quick- 



Fig. 8. Linear relation between load and ExcimsioN of the freely weighted right 
pectoralis major of the human subject. 

Fig. 9. Parabolic relation between load and work for the muscle of figure 8. The 
values used in calculating this curve were determined from the straight line of figure 8, 
e.vtrapolated out to zero shortening. 

release experiments of the type under consideration may be self-defeating, 
because of the momentary disappearance of contractile force during the release. 

2. The isotonic {load-excursion) diagram. Figure 8 shows the relation between 
load and shortening in the freely weighted pectoralis major. In constructing this 
diagram, the usual conventions of graphical representations have been violated 
in order to represent load and length in a maimer similar to that of the preceding 
diagrams. It null be seen that under the conditions of the experiment, and ivith 
the range of loads used, the shortening bears a linear relationship to load. The 
straight line, when extrapolated out to zero shortening, yields a value for the 
load which agi’ces, vithin experimental error, with the maximal isometric tension 
as previously determined. The linear relation between load and excursion is 
true of the other muscles studied. 

3. The load-worh diagram. Figure 9 shows the load-work diagram for the 
muscle of figure 8. The curve is a parabola. In calculating the curve, values 
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of load and shortening were read off the straight line of figure 8, extrapolated out 
to zero shortening. It can easily be proved that a parabola vdll result, as follows: 
since load (Z) is a linear function of shortening (s), Z = ms + h, the equation of a 
straight line, where m is the slope and h the 1-intercept. Hence work = load 
X shortening = s{ms -+■?))= ms- -f 6s, which is the equation of a parabola. 
Since Z is a linear function of s, plotting ms- -f 6s against Z must also yield a 
parabola. 

T 

SUMMARY 

1. A new type of isometric d 3 mamometer is described, in which muscle tensions 
are measured by strain gauges affixed to heav^’' metal rings and recorded 
oscillographically. 

2. Isometric length-tension diagrams, load-excursion curves and load-work 
curves have been obtained for certain (essentially) isolated human muscles con- 
taining cineplastic muscle tunnels, under conditions of voluntary contraction. 

3. It is shovTi that the isometric length-tension diagram and the load- work 
curve are similar to those previously described for frog muscle. 

4. It is shonm that the curve of developed tension has a maximum in the 
neighborhood of the resting length of the muscle, in agi-eement with earlier 
studies on frog whole muscle and single fibers. Attention is called to the lack of 
precise information concerning the form of the curve of developed tension below 
the resting length . 

5. Variations in form of the isometric tension cmwe are discussed, and shown to 
be due to the variation in height of the curve of developed tension. 

6. Evidence is proidded that the curve of passive stretch represents an ex- 
ponential function. 

7. It is suggested that in studies of muscle elasticity, close attention should be 
paid to the region of the tension curves in which the muscle is being studied. 

8. Under conditions of relatively slow and uniform speed of contraction, the 
excm'sion of the freely weighted muscle is shown to be a linear function of load, 
and proof is offered that a parabolic relation between load and work necessarily 
follows from this relationship. 
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It was shown in 1922 (8) that adrenalin caused a swelling of the perfused 
rabbit’s kidney and an increase in perfusion pressure when blood was supplied 
at a constant rate of flow, an observation that was confirmed on the eviscerate 
rabbit and dog (9). Richards and Plant explained this apparent paradox bj’^ 
postulating that adrenalin acts preferentially on the efferent glomerular vessel. 
Observations on the heart-lung-kidney preparation (13) have confirmed this 
view. Chasis and his co-workers (4) have showm that in man the action of adren- 
alin is to cause a constriction of the efferent glomeralar vessel. The relation of 
these findings to the normal haemadjmamics of the kidney has been discussed 
by Smith (10). 

During exercise there is a marked diminution in renal plasma flow and glo- 
merular filtration rate (2) and in an attempt to elucidate the possible r61e of 
adrenalin, in producing such changes the effects of the administration of the 
hormone on the renal haemadjmamics in man have been re-inr:estigated. 

METHODS 

The subjects were students with normal renal function. Experiments were 
carried out during the afternoon, folloniing a light lunch. Eight hundred milli- 
Uters of water were given by mouth to ensure adequate urine flow. Renal 
plasma flow and glomerular filtration rate rvere determined by a standard tech- 
nique (3). After two or more control periods, adrenalin was administered to 
six subjects intramuscularly (0.75-1 mgm.) and to eight subjects by a continuous 
intravenous infusion (0.0005-0.01 mgm/min. for periods vaiying from 25-40 
minutes). Blood pressure was determined by auscultation and pulse rates were 
taken at intervals. 


RESULTS 

Renal haemadynainic changes. The changes in renal plasma flow, glomerular 
filtration rate, and filtration fraction for the group receiving adrenalin intra- 
muscularly are given in the table. There is a fall in renal plasma flow accom- 
panied by a consistent rise in filtration fraction. Since the time in which the 
adrenalin was absorbed into the circulation following intramuscular injection 
cannot be determined exactly, adequate control and intei-pretation of the experi- 
ments was difficult. In subsequent experiments, therefore, adrenalin was given 
intravenously. The changes observed in this group of subjects will also be seen 
in the table. Again the most marked changes are the fall in renal plasma flow 
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and the rise in filtration fraction. Following both intramuscular and intravenous 
adrenalin, a fall in the average glomemlar filtration rate was observed but was 
within the normal limits of variation. 

In figure 1 a similarity between the effects of adrenalin and pain (14) on renal 
dynamics will be noted and also between those in recoveiy from exercise (2) 
and grade 2 hypertension. 


Table 1 


SEX 

SUR- 

FACE 

AREA 

DOS\GE 

GLOSI. riL. HATE CC./mIN. 

RENAL PLASMA FLOWCC./MIN. 

FIL. FRACTION % 

_ 

Control 

After 

adrena- 

lin 

% 

Change 

Control 

After 

adrena- 

lin 

% 

Change 

Control 

After 

adrena- 

lin 

C7 

/o 

Change 


Subjects receiving intramuscular atlrenalin 


1 

2 

3 

4 

M 

JI 

M 

M 

l.SO 

1.77 

1.95 

1.80 

msm. j 
0.5 

0.5 

0.5 

0.75 

IGl 

130 

157 

107 

103 

139 

70 

114 


700 

922 

802 

777 

29S 

891 

2SS 

381 

j 

-57.5 

-4.22j 

-70 

-51 

23 

14.7 
18.2 

13. 8 

34.6 

15.6 
27.1 

30 

+50.5 

+6.13 

+49 

+117.4 

Average 

1551 

100 

1 

-24.3 j 

734' 

457 

1 

-44 j 

10.9 


+58.5 

Range 

107-101 

70-139 

m 

700-922 

25S-S9I 

B 

13.8-23 

15.6-34.6 

— 

S 

M 

1.7 

■9 


103 

B 

mm 

• 750 

B 




6 

M 

1.9 

■9 

— 

223 

B 

B 

044 

B 

B 


— 


Subjects receiving intravenous adrenalin 



M 

1.64 

0.0025 

185 

136 

-26.4 

512 

204 

-60.2 

36 

66.8 

+85.6 


M 

1.83 

0.0025 

231 

194 

-16 

668 

445 

-33 

34.6 

43.5 

+26.3 


F 

1.07 

0.004 

90 

118 

+31.2 

516 

430 

-16.7 

17.4 

27.4 

+57.5 


M 

1.63 

0.005 

200 

130 

-35 

852 

243 

-71.5 

23.5 

53.5 

+127.7 

11 

M 

IK| 


116 

102 

-12.1 

C67 

426 

-36.2 

17.4 

24 

+38 

Wm 

JI 

mmm 

0.005 


89 

-34.6 

861 

653 

-24.2 

15.8 

13.6 

— 13.fl 

9 

M 

1.9 

0.005 


187 

-12.5 

600 

291 

-51.5 

33.8 

04.5 

+91 

m 

Jl 

1.9 

0.01 


148 

+2.8 

800 

449 

-48 

16.7 

33 

+98 

Average 



-15.3 

734' 

392 

-43.5 

24.4 

40.8 

-b67.3 

Range 

90-231 

89-194 

— 

512-861 

204-653 

— 

15,8-36 

13.6-06.8 

— 


J Average for whole series. 


Effect on blood pressiire, ptdse and peripheral vascular system. A rise in pulse 
pressure was noted in every case and, in all but one, this rise was followed by an 
increase of pulse rate averaging 20 beats per minute, the greatest being from 50 
to 90. Three subjects receiving 0.005-0.1 mgm/min. intravenously complained 
of palpitations, even though no extra systoles or increase of pulse rate were 
noted. Most subjects showed a cutaneous vasoconstriction; in six, the vaso- 
constriction was followed bj'’ generalized cutaneous hyperaemia. Five subjects 
developed a coarse generalized tremor following the intramuscular injection and 
three a similar t 5 pe of tremor during the intravenous infusion. 

Phosphate, chloride and water reabsorption and excretion. Adrenalin caused a 
rise in the plasma level of inorganic phosphorus in 50% of the cases, but in the 
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remainder the plasma level remained constant or fell. There was no relation- 
ship apparent between the amount of adrenalin and the effect on plasma phos- 
phate. No effect, moreover, was noted on tubular activity towards phosphate 
nor towards chloride, other than those which are observed in a simple diuresis 
( 2 ). 


® (D (£) ■;§) d) © © 

40r 



oL 

Fig. 1. ScHEiiATic REPRESENTATION OF RENAL DYNAMICS in Certain physiological and 
pathological states. A. Control observations (2); B. During e.xercise (2); C. During the 
recovery from exercise (2);D. During the administration of adrenalin; Grade4hyper- 
ensives (Unpublished observations; F. Grade 2 hypertensives, unpublished observations; 
G. Pain (14). 

Following intramuscular adrenalin at the onset of the experiment in two sub- 
jects, there was no change in the subsequent urine flow, for the diuresis, both in 
duration and amount, was comparable to those noted in our previous control 
series. On the other hand, in four subjects there was a marked drop in urine 
flow associated with changes in clearance which were certainly due to adrenalin. 
In the remaining subjects, no significant change was apparent. . 

DISCUSSION 

The fraction of the total plasma flow through the kidney, which is filtered at 
the glomerulus, is primarily dependent upon the mean intraglomerular pressure. 
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which may be varied by changes in the tone of the afferent and efferent arteri- 
oles. If the afferent be constricted, blood flow is reduced with consequent fall 
of the intraglomerular pressure. If, however, the efferent be constricted, the in- 
traglomerular pressure rises, even though the total kidney flow is reduced. A 
diminished filtration fraction will, therefore, result from a fall in intraglomerular 
pressure and an increase will follow a rise. Hence the finding of decreased blood 
flow and an increased filtration fraction, following the administration of adrena- 
lin, should imply constriction of the efferent glomerular vessel. We have shown 
elsewhere that a fall in renal plasma flow and filtration fraction occurs during 
exercise, suggesting an increased tone in the afferent glomerular vessel. In both 
of these two series of experiments, the changes in filtration fraction were so con- 
sistent as to rule out a purely fortuitous finding. Therefore, it appears unlikely 
that adrenalin could be primarily responsible for the changes occurring in exercise. 
It is true that in the recovery phase after exercise, filtration fraction increases 
while glomerular filtration rate and renal plasma flow remain depressed. Only 
in this phase does there appear any similarity between the effect of exercise and 
that of adrenalin. 

The rise in blood pressure and pulse rate following adrenalin, in our experi- 
ments, was not comparable in any degree to those seen in exercise and, since 
larger doses would have produced more marked tremor and weakness, it seems 
improbable that adrenalin can play any major part. This does not deny that 
marked sympathetic activity or the release of adrenalin may occur in exercise, 
but makes it improbable that the physiological amounts of adrenalin produced in 
such circumstances can cause the circulatory and renal changes noted. 

It is possible that the parenteral injection of adrenalin does not exactly mimic 
the effects of sympathetic stimulation and that some more potent factor masks 
the adrenalin effect. Similar effects, however, to that of parenteral adrenalin 
can be reproduced by the body itself in two ways: a) repeated painful stimuli 
(14) may cause a fall in plasma flow and rise in filtration, and b) changes 
may occur in apprehensive subjects in every way similar to that of intravenous 
adrenalin. Smith (11) has also drawn attention to the effects of apprehension, 
a possibility wliich can never be adequately excluded in untrained subjects. 
Such reactions have been attributed to the extra production of adrenalin and may 
serve to establish the similarity in action of parenteral adrenalin and adrenalin 
spontaneously produced. 

It has frequently been stated that adrenalin causes an inhibition of urine flow 
(7, 12). From our experiments we have been unable to reach any definite con- 
clusion, for it is often difficult to decide whether urine flow has become reduced as 
a result of adrenalin or as a result of the natural termination of diuresis. For 
similar reasons, the data of other workers (5, 11) fail to give any clear indication. 
Further inconclusive evidence was provided in class experiments when injections 
of 0.5-1 mgm. of adrenalin intramuscularly produced a definite inhibition of urine 
flow in only 3 out of 25 subjects. It would appear, then, that adrenalin in the 
doses we have used has no dramatic effect on urine flow in man. The exact effect 
produced can onty be decided by conducting an experiment in such a way that a 
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maintained diuresis is set up. If parenteral adrenalin then causes a diminution 
of urine flow with a subsequent recovery, an inhibitory effect would be shown. 

Our observations as to the effect on urine flow would appear to be at variance 
vdth those made on dogs (7). Other observations on the effects on the general 
and renal circulation in animals (7, 12) are also at variance with our findings and 
with those of McMichael and Sharpcy-Schafer (6) and Allen, Barcroft and 
Edholm (1). The discrepancy may be either due to the higher dosage and faster 
administration in experimental animals or to a fundamental difference in the re- 
action to adrenalin in man and lower animals. 

SUMMARY 

The effects of intravenous and intramuscular adrenalin hai'e been studied in 
man, and results confirming those of Chasis cl al. have been obtained, A fall in 
renal plasma and increase in the filtration fraction were constant effects, while 
inhibition of urine flow was inconstant. There was no evidence that adrenalin 
plays a significant part in the renal picture seen in exercise. 
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Studies of the physiological responses of men to high environmental tempera- 
tures require for their most general application a means of transfer of data 
secured under particular environmental conditions to other intermediate but 
untested conditions. This need would be fulfilled if there were available func- 
tional relationships capable of describing thermal stress to the man in tenns of the 
various environmental factors. Such relationships for limited ranges of environ- 
mental conditions are available for convection (la. b, c, d) and for still more 
limited ranges for evaporation (Id, e). Thermal exchange by low temperature 
radiation appears to be well founded on both theoretical and experimental 
grounds (If, 2a). The need for descriptive relationships of thermal exchange has 
led to attempts to extrapolate the meager data now available to conditions out 
of the range of the original experiments (3). 

The ideal procedure for establishing these relationships is by means of complete 
calorimetry. The technical difficulties and elaborate equipment involved in this 
approach become almost prohibitive when higher wind velocities and worldng 
subjects are studied. The simpler method of partial calorimetry has been used 
at the Pierce Laboratory vath considerable success over normal temperature 
ranges (1). This approach is less satisfactory at more severe environmental 
conditions largel}'’ because of the greater difficulty of reaching thermal equilibrium 
and the consequent higher rates of storage (subject to considerable error ip 
estimation) . However, the potential usefulness and need (especially during the 
war) of even roughly quantitative descriptions of convection and evaporation 
at high thermal loads justifies th'eir study by the method of partial calorimetry. 
The, results of such a study are presented in this report. 

The principle involved in the use of partial calorimetry to allocate thermal 
exchange into its several components is contained in the statement that at 
equilibrium (no increase or decrease in heat content of the body) the rate of 
thermal flow outward across the envelope of reference (sldn) is equal to the rate 
of thermal flow inward, or, in the absence of thermal equilibrium, that these two 
rates differ b}^ the rate of change in the heat content of the body. These con- 
siderations apply regardless of the source of heat (metabolism, environment, 
stored heat) or the nature of its transfer (convection, conduction, evaporation). 

' Now at Children’s Hospital Research Foundation, Cincinnati, Ohio. 

- Now at New York University College of Medicine, New York, New York. 

^ Now at University of Pennsylvania, Philadelphia, Pennsylvania. 

^ Now at Industrial Hygiene Foundation of America, Pittsburgh, Pennsylvania. 
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This statement can be mathematical^ expressed a?, M+S + E + C-tR = 0 
where the symbols represent, respectively: M, the rate of metabolic heat produc- 
tion, always positive in sign; S, the rate of storage (the rate of gain or loss in heat 
content of the body), positive in sign Avhen the body heat content decreases, 
negative Avhen heat is gained by the body; E, the rate of evaporative heat loss, 
always negative in sign; and C, the rate of thermal exchange by convection, and 
R by radiation, both positive when delivering heat to the body and negative when 
removing it. Of these variables, M can be determined from the rate of oxygen 
consumption; S from the changes in rectal and skin temperature, unfortunately, 
with uncertain reliability; and E from the evaporative weight loss of the subject 
and the latent heat of vaporization. With il/, S, and E available, the sum of 
C R can be calculated by difference. The separation of C from R can be accom- 
plished mathematically by taking advantage of the fact that R is independent of 
wind velocity, or alternatively, R can be calculated from skin and wall tempera- 
tures by accepted principles and subtracted from the sum C + R. 

Utilizing the above principles, 4 subjects rvere studied while standing nude, 
standing clothed and walking clothed at 5 wind 'velocities in each of 7 environ- 
mental conditions, representing 3 moisture contents at 5 air temperatures (table 
1). It has been possible to make a fairly complete analysis of the standing-nude 
experiments. The data from the clothed experiments gir’-e less satisfactory 
results. 

Test conditions and procedures. The experiments were carried out on 4 
healthy young men whose physical characteristics are given in table 2. After 
preliminary training in the cool, they w'ere trained and acclimatized to heat by 
working for 4 hours per daj’- as follows; 4 days at D.B.® 120°F., W.B.® 78°F.; 
2 days at D.B. 120°F., W.B. 86°F.; 2 days at D.B. 94°F., W.B. 91°F.; 1 day at 
D.B. 96°F., W.B. 92°F.; and finally 1 day at D.B. 120°F., W.B. 88°F. During 
this period test clothing Avas Avorn and activity and enAuronment Avere at least as 
severe as during the actual test days. Acclimatization produces AA^ell adjusted 
subjects Avith minimal changes in heat storage. 

Three subjects Avere used, AAuth the fourth held in reserve, but helping in the hot 
room and receiving the same exposure as the 3 test men. On the eleventh test 
day the man in reserve replaced an original subject AA'^ho Avas removed because of 
an upper respiratory infection. With this exception, the svibjects AA'^ere in good 
condition throughout the study. They spent 7J hours in the hot room each test 
day, but slept in barracks maintained at normal temperatures. Data Avere 
collected on 5 days in each Aveek. Simday aa'as spent out of the hot room and 
Monday AA'as devoted to reacclimatizing 4-hour marches. 

The 7 environments AA^ere studied in a regular sequence, one AAund velocity being 
covered each day (table 1). The completion of each cycle of 7 environments 
AA'as folloAved by a ‘Base Day’. The coefficients of convection, radiation and 
evaporation for all ‘Base Days’ agreed aa'cII AAuth each other, indicating that the 

®D.B. dry bulb temperature. 

® W.B. wet bulb temperature. 
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Table 1. Environmental conditions studied 
Number in parentheses, environment code number; number with degree sign, uet bulb temperature F. 


DKY BULB TEMP. 

VAPOR PRESSURE 
mm.Hg 


13 

25 

36 

°F. 




90 

(1) 69.5° 

X 

X 

96 

(2) 71.5° 

(5) 82.8° 

(7) 91.0° 

105 

(3) 74.0° 

X 

X 

120 

(4) 78.0° 

(6) 88.0° 

X 


Wind velocities 


CODE 

ft/min. 

i 

a 1 

o 

CO 

b 

75 

c 

150 

d 

300 

e 

600 


Sequence of environments 

The number refers to environment, the letter to wind velocity. 


WEES' 

m(acc)= 

T 

W 

T 

F 

S 

1 

120-88 

Bd^ 

6a 

7e 

5e 

2a 

2 

120-78 

ic 

3e 

4a 

Bd 

6c 

3 

96-91 

7e 

oa 

2c 

Ic 

3a 

4 

120-78 

4c 

Bd 

6e 

7a 

5c 

5 

120-78 

2e 

la 

3c 

4e 

Bd 


120-88 

6b 

7d 

5b 

2d 

lb 

7 

120-88 

4d 

Bd 

6d 

7b 

5d 

8 

120-88 

2b 

Id 

3d 

4b 

Bd 


* Starting 9 October, 1944. 

- Acc = Re-acclimatization, no data collection. 

= Bd = Base Day; D.B. 120°F— W.B. 88°F. 300 ft/min'. 


Table 2. Physical characteristics of the subjects 


SUBJECTS 

COMPLEXION 

j AGE 

HEICHT 

■WTIGHT 

SURFACE AREA 



years 

cm. 


11’ 

Mil 

light 

20 



HIM 

Lon 

light 

22 




Godi 

brunette 

20 




McG 

brunette 

22 



H 


’ God replaced McG after 11 test days. 


phj'siological response of the subjects to the same conditions remained reasonabh’" 
constant throughout the study. During the 8 weeks working metabolism fell 
by 10%; rectal temperatures and heart rates showed little consistent change. 
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The tests were carried out in a sheet-metal wind tunnel (5?? ft. wide, 7^ ft. 
high and 20 ft. long) in the hot room. Six 24-inch fans at the discharge end of the 
tunnel produced air flow, the velocity of Avhich was changed by adjusting either 
the fan speed or the louvres (located just upstream from the fans) or both. The 
entering end of the tunnel was packed over the entire section with 30-inch lengths 
of 8-inch galvanized pipe lying in the axis of the tunnel. This served as an air 
straightener and protected the inside of the tunnel from outside air disturbances. 
Air movement was ^drtually uniform across the cross-section of the tunnel to 
within 6 inches of the walls. A treadmill on which the subject stood or walked 
constituted the central portion of the tunnel floor. The inside surfaces of the 
tunnel were painted flat black. Dry and wet bulb temperatures inside the tunnel 
were maintained at the designed conditions plus oi- minus 1°F. and were uniform 
laterally. Vertically there were gradients between head and floor levels of 1°F. 
or less for the cooler situations and not more than 3°F. for the hottest conditions. 

On test days 3 separate experiments were performed on each of the 3 subjects 
in the same sequence: walking clothed in the morning, and standing nude and 
standing clothed in the afternoon. The subject always faced into the air flow 
and was accompanied in the tunnel by one obsei’ver who I'emained behind the 
subject at all times. 

The walking tests were performed on the treadmill at 3 m.p.h. and a 3% 
grade. This led to metabolic rates of approximately 160 Cal/MVhr. The 
standing metabolic rates were in the range 40-60 Cal/M'/hr. 

All test periods Avere 30 minutes long and were preceded by an equilibrating 
period designed to reduce storage during the test period. Before the walking 
experiments the equilibrating period consisted of a 60-minute walk on the hot 
room track (2.7 m.p.h. carrying a 20-lb. pack) followed by a 10-minute walk on 
the treadmill at the test vdnd velocity. Before the standing experiments it 
consisted of a 10-minute stand outside the tunnel eitlier clothed or nude. 

During the clothed tests the subjects Avore aa’cII laundered, tAA'O-piece, herring- 
bone tAAoll (HBT) fatigue uniforms, light avooI socks, cotton underAA’ear shorts 
and field shoes. To avoid SAA^eat loss by drippage the jacket Avas tucked into the 
trousers, the trouser legs into the sock tops, and the jacket cuffs into 4-inch 
AA'ristlets made of sock tops. In the nude experiments the subjects stood on 
AYooden clogs in a shalloAv tray containing mineral oil Avhieh collected the dripping 
SAveat. In the clothed experiments a dry suit AA'^as donned immediately at the 
start of the test period just after the equilibrium period. In each experiment 
AA'ater salted to 0.1% Avas given in amounts approximating SAA'eat loss. 

Data collected. The environmental conditions inside the AAund tunnel AA^ere 
detennined during each test period as IoIIoaa's: a) Avet and dry bulb temperature, 
6 feet and 1 foot above floor level, three times per test period, by calibrated 
motor-driven psychrometers; 6) AA-all temperature, of the 6-tunnel surfaces, b}'- 
radiometer at the beginning and end of both the morning and afternoon tests; 
c) velocity of air floAV at a point AAmist high, 4 feet in front of the subject, tAvice 
each period by a velometer and 3 times each period by hot wire anemometer. 

The folloAving data AATre obtained on each subject: a) rectal temperature hv 
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calibrated clinical thermometers at the start and end of each test period; b) sldn 
temperature at the start, mid-point and end of each test period by radiometer 
when nude, by contact thermocouples when clothed; c) clothing temperature by 
radiometer at the same time as sldn temperature; d) oxygen consumption in the 
walking tests during the first and last 10 minutes of each period by an open 
circuit system, and in the standing tests for the entire 30 minutes by a closed 
circuit S 3 '^stem; c) heart rate at the beginning, mid-point and end of each period 
by palpation;/) evaporated sweat loss, determined by the difference in weight at 
the start and end of a test period of the subject plus his accessories (clothing in 
the walking experiments, clothing and towel in standing clothed experiments and 
towel and drip pan in nude experiments); g) total sweat loss, the evaporated 
sweat loss plus the increase in weight of the accessories above mentioned. 

Treatment of data. Weighted skin and surface temperatures were calculated 
for each of the 3 sets of readings in each period according to the weighting factors 
shown in table 3. These factors are based on the surface area measurements of 
Hardy and Dubois (2b). The necessaiy readjustments required by the small 
number of zones measured were made by grouping unmeasured zones with those 
measured zones which in previous studies had been observed to have similar 
temperatures, admittedlj'' a dangerous expedient. It receives some justification, 
however, in that at the high temperatures here observed, the maximum range of 
variation of sldn temperatures from zone to zone is small. The emissivity of 
both skin and clothing was taken as unit 5 n The initial and final weighted skin 
temperatures were used in the calculation of storage and the average of the 3 
values per period was used in calculation of vapor pressure and temperature 
gradients. 

The 6 readings of dry bulb temperatures in each period were averaged to give 
the value used. The wet bulb tempei’ature was similarly obtained. Vapor 
pressure was calculated from these averaged diy (To) and wet bulb temperatures 
(Twet) by the formula: 

Hhoo = — 0.265 (To “ T,vet). 

This expression was based on calibration of the psychrometers used in this study 
against dew-point measurements. 

Wall temperature was taken as the mean of the measurements of the six 
surfaces, and the average of the initial and final wall temperatures thus calculated 
was used. Wall temperatures deviated only slightly from air temperatures. 

Air velocity was obtained by averaging the 5 measurements made per period. 

The heat equivalent of the oxygen consumption was calculated in the usual 
wajq the actual R.Q. was used to determine the caloric equivalent of oxygen in 
the open circuit runs, while the value 4.83 Calories/liter O 2 was used in the 
standing experiments. 

The actual interval between the initial and final weights of the subject were 
used in calculating evaporation and sweat rates. This interval was longer than 
the tunnel exposure bj’' about 2 minutes. Sweat loss, total and evaporated, was 
calculated from weight differences and water intake, corrections being made for 



Tablb'^3. Faclors vscd for calculation of weighted skin and surface temperatures 


HAUDV, BUBOIS ATOAS 

ZONES MEASURED 

> 

■WEIGHTING FACTORS 

Nude Skin 
T, 

Clothed 

Standing 

Walking 

Zone 

Area 

Skin Ts 

Surface 

To(d) 

Skin Ta 

Surface 

1 Tc (d) 

Head 

0.07 

Cheek 

0.07 

0.07 

0.05 

O'. 14c 

0.12e 

Trunk 

0..35 

Chest 

WSM 

0.35tb 


0.35tb 

0.19 



Back 





0.17 

Arms 

0.14 

Upper arm 

0.14 

0.14t 

0.15 

0.14t 

0.15 

Hands 

0.05 

Palm 

0.05 

0.05 

0.04 

0.05 

0.04 

Thigh 

0.19 

Thigh 

0.39a 

1 

0.19t 

0.40a 

0.19t 

0.33f 

Legs 

0.13 

Calf 


0.20tc 


0.13t 


Feet 

■ 0.07 








t — Obtained by thermocouple; all other temperatures by radiometer, 
a— Feet and legs grouped with thigh, 
b— Back and chest grouped, 
c— Feet grouped with calf. 

d — Because of increased surface area of clothed man, head and hand factors decreased, 
all other factors increased, 
e — ^Foot grouped with cheek, 
f — ^Legs grouped with thigh. 


Table 4. Relation of clothed man surface area to nude man surface area 



IVPEl 



SIZE 

1 

1 

StJEFACE AKEA M» 


< 

< 

SUB- 

iJECT 

NO. 

Height 

Weight 

Height 

Weight 

j 

Jacket 

1 

1 

Trousers 

1 

Jacket 

Trousers 

Jacket & 
i trousers 

! 

• 

1 

Clothed ' 
man^ 

1 

! 

1 

1 

Nude 

man 

1 

Z 

S 

A 

E 

H 

O 

hJ 

U 

c 

f 

z 

3 

bi 

Q 

& 

2 

? 

t 

< 

1 

s 

L 

cms. 

163.8 

hgm. 

45.0 

34R 


0.875 


1.932 

2.208 

1.45 

1. 

52 

2 

I 

L 

168.9 

57.5 

34R 

32-33 

0.981 

1.146 

2.127 ! 

2.439 

1.64 ! 

1.48 

3 

T 

L 

183.5 

57.3 

36R 

32-33 

1.038 

IB 

2.244 ! 

2.577 

1.75 

1.47 

4 

S 

I 

157.5 

60.5 

34R 


0.830 

an 

1.887 i 

2.191 

1.60 

1. 

36 

5 

I 

I 

172.1 

68.2 

34R 

32-33 ! 

0.930 

1.167 1 

2.097 i 

2.437 

1.79 

1.36 

6 

T 

I 

193.0 

89.2 

SSL 

34-33 

1.086 

1.180 

2.266 

2.680 

2.18 

1.22 

7 

S 

H 

161.3 

66.6 

34R 

34r-33 

0.882 


1.874 

2.195 

1.69 j 

1. 

29 

8 

I 

H 

176.5 

85.5 

38L 

38-33 

1.045 

1.278' 

2.323 

2.703 

2.00 ! 

1. 

35 

9 

T 

H 

182.9 

101.4 



1.169 

1.424 ’ 

2.593 

3.013 ' 

2.21 1 

1.36 


* S = Short; 1 = Intermediate; T = Tall; H = Heavy; L = Light. 

= Surface area of head + hands + feet + clothing = 0.19 nude man S.A. +clothing 
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weight loss due to excess weight of CO 2 excreted over O 2 consumed and for loss 
of water from the lungs. The excess CO 2 was determined by the formula, 
(COo — O 2 ) grams/hour = 118 X O 2 (L/min)(RQ — 0.727). In the standing 
experiments the R.Q. was taken as 0.825. , 

Surface area of clothed man. The problem of the clothed surface area is a 
difficult one involving not onl 3 ’’ the actual area but also the effective area as 
determined bj'^ the folds. From measurements of exposed clothing areas carried 
out on 9 men representing different body builds the ratio of clothed man surface 
area to nude surface area was calculated. The results are shown in table 4. 
These are maximum values since they are made on stretched clothing. It seems 
not unreasonable that the effective ratio would ordinarily fall in the range 1.20 
to 1.35. This series did not include the subjects used in the calorimetry studies. 
Because of the variation from man to man, and even from time to time, depending 
on how the folds fall, the coefficients of thermal exchange for the clothed men 
have been calculated using the nude surface area. This gives the most predict- 
able area and permits future correction should an acceptable factor for clothed 
men be found. Thus the coefficients for clothed men here calculated should 
be higher than those for nude men by the ratio of the two surface areas (1.20 
to 1.35:1). 

Notation, units and calculation of thermal exchange: 

C R was calculated from the basic heat equation 
M + E-hS + C + R + W = 0 
where the terms have the followng significance and origin: 

1. Evaporation 

E' = Total heat exchange by evaporation, Cal/M‘/hr. 

= (kg sweat loss/hr/M^ — CO 2 excess/hr/M^) 575. 

He = Heat e.xchange by evaporation in the respiratory tract. Cal/ 
MVhr." 

E = E' — He = Heat exchange by evaporation from the surface of 

the body, Cal/MVhr. 

’’ Hu was estimated by making the assumptions indicated below as to vapor pressure of 
expired air and inspired spirometer air. ^ 

Walking (open circuit system): 

He = 0.0418 (Pa - Pi) VR, where 

Pfl = vapor pressure of tunnel air. 

Pi = vapor pressure of expired air, 

VR = ventilation rate, liter/min. 

Standing (closed circuit system): 

He = 0.0418 (Pep - Pi) VR, where 

Pep = spirometer air vapor pressure taken as 90% saturated, 

Pi = 44.6 mm Hg, except for ambient temperatures of 105°F. and above, where 49.2 
mm Hg was taken, 

VR = ventilation rate, liter/min.; estimated from rate of oxygen consumption by a 
correlation between the two used in this laboratory. 
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P(.a.B,e) = A'apor pressure of water in air, on skin, clothing, mm.Hg 
B/AP = Coefficient of evaporation, Cal/M‘/hr/mm.Hg {‘{a — e)’ 
or ‘(a — s)’ following a coefficient signify that AP or AT has been 
calculated from the difference between air and surface or air 
' and skin respectively.) 

2. Convection and radiation 

(C + RY — Total heat exchange by convection and radiation, Cal/M" 
/hr, defined by (C + R)' + d/ f S + P + Ik = 0 
He = Heat exchange by convection in the respiratory passages, Cal/M^ 
/hr.® 

C + P = (C + R)' — He — Heat exchairge by convection and radiation 

from the surface of the body, Cal/M‘/hr. 

T^a , «, t, e. r) = Tcmperaturo of air, wall, skin, clothing, rectum, °C. 

— — — = Combined coefficient of convection and radiation, Cal/MVhr/°C. 

AT 

C/AT = Coefficient of convection, Cal/M'/hr/°C. 

R/ AT = Coefficient of radiation, Cal/MVhr/°C. 


3. Metabolism 

M = Metabolic heat production, Cal/M^/hr. 


4. Waler ingested 


= Heat exchange by water intake, Cal/M'/hr. = kgm. water/hr/M’ 
X (Tenter - Tr) 


5. Storage 

S — Storage, Cal/M^hr. 


(0.83) (weight in kgm) (0.67 AT, + OMAT/) 
(Time interval, hours) (Surface area, M^) 


where 0.83 represents the average specific heat of the body and 0.67 and 
0.33 are the fractional portions of the body conforming to average 
temperatures of Tr and T , , respectively (2b) . 


Legitimate corrections were made even though their order of magnitude was 
low in relation to the probable error of the measurements. Thus, the weight- 

® He was estimated from the ventilation rate and an assumed temperature of expired 
air thus: 


He = 0.0187 (r„ — Tc^p.) VR, where 


Ta = Temperature of ambient (inspired) air, 

rp Tr+ . 

j exp. iirlicl, 

j/i 


VR as defined under ff,. 
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loss correction for excess COo v^as at most onlj'- 12 grams/MVhr- in the 
walldng experiments ranged from about 5 Cal/MVhr. in the humid environ- 
ments to about 15 Cal/MVhr. in the dry environments. In the standing 
experiments (closed circuit S 3 ''stem) He was independent of ambient vapor pres- 
sure, and ranged from —1 to +4 Cal/MVhr. lie was ordinarily less than 1 
Cal/MVhr. in the standing experiments at 120°F, increasing in the walking 
experiments to about 2.5 Cal/MVhr. 

Reliabiluy. Granting the validity of the determination of the thermal 
quantities E, M and S, the question arises whether the E expei'imentally meas- 
ured is equivalent to the E required by the basic heat equation. 



A 

NUDE 

8 

CLOTHED 

C 

CLOTHED 

D 

CLO T H £ D 

EVAPORATION FROM 
WET SKIN 

EVAPORATION FROM 
SKIN THROUGH DRY 
CLOTHING 

EVAPORATION FROM SKIN, 
CONDENSATION ON WET 
CLOTHING, EVAPORATION 

FROM WET CLOTHING. 

EVAPORATION FROM WET CLOTH- 
ING WITHOUT PRELIMINARY 
EVAPORATION FROM SKIN WATER 
REACHES CLOTHING BY" DRIP Oft 
CAPILLARITY 

temperature 

T# 

Ta (Ts) . T* 

To T 

« T 

T 


To 1 

• 7 

7 


To 1 

ri T 

T 

f 

FUOW 

M-E 

M 


w-e 

M-E 

frf-E 


.M-E 

M 

M-E 


M-E 

M 

M 


AIR 

WATER 


AIR 

DRY 

AIR 


AIR 

WET 

AIR 


AIR 

WET 

AIR 




FILM 



CLOTH- 




CLOTHING 




CLOTHING 








ING 











mSUUATION 

To 

1/ 


io 

lo 

li 


I a 

It 

li 


la 

IE 

I< 


CONDUCTANCE 

Ko 

Kf 


Ka 

Ke 

Ki 

_ 

Ka 

K'e 

K» 

_ 

Ka 

Kt 

Ki 



A 

I ) E -M ‘C + R 

2) M-E — (C+R) 

-3) Kd(Ta-Ti)*CtR 

4 } I&IIl < CiR 
’ 10. 

5) s-(C+R) 
la 

6) • M*E 
la 

71 T*-Ta "lo (M-E) 


e c 

Ti - T . It<M-£) T.-T 

T -T, • IclM*E) T-T* «rt M 

T«- Ta* lolM-EJ T#-Ta • la (M-E) 

T«-T*-lll + l«XM-E) Tt-T* 

T* - Tc«(II+I«tIc)(M-E) T*‘Ta Mri*-IVtIa)(w-E ^ - |8*I'^ ) 


0 

Ti -T « HM 
T * JtM 
T#.To • la(M'E) 
7»-T# + 

T.-T. 


T* -_T« _ Tctll 
r« -To la 


T«»Ta . t.fn 
7*-To la 


T»»t» . r.4K Jd_ 
T*“ Ta la M-E 


e) Ti-Tj »if M 

Fig. 1. Equations of thermal flow for ea'^aporation from various surfaces. In 
aJl cases it is assumed that S = 0, and that the condition C-fR+M-f-E = Ois ful- 
filled. E is always negative for the conditions considered here. The rates of heat transfer 
by C and by R are combined in a common coefficient K = l/I. 


Consider first evaporation from wet sldn in the nude man illustrated in figure 
1 A. In this situation the rate of heat flow to T; from the environment will be 
equal to KJJTa — T/), -where Ka represents the combined coefficients of C and R. 
Since the only other source of heat to the surface T/ is M (taking E = 0) and 
since for a steady condition of heat flow, the rate of access of heat to the surface 
must equal the rate of heat dissipation, the following condition is fulfilled: 
Ka{Ta — Tf) -H ilf -h (—E) = 0. Since KaiTa — T/) — C + R, the basic 
equation is satisfied with respect to the surface Tf . Since radiometric measure- 
ment of the temperature of wet sldn actually measures the water film tempera- 
ture, the significant temperature for the surface of reference is actually obtained. 

Thi-ee possible paths of evaporation from clothed men are illustrated (fig. 
1 B, C, D). Equations of heat flow for these situations are developed in an 
analogous manner. For convenience, they are arranged as equations of tempera- 
ture difference (see Burton, 6). Note that equations 3B, C and D all have the 
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same form — E) = (T* — To). Since this is equivalent to 2fa(T’c — Ta) = 
M — E, and Ka {Te ~ Ta) — C R for the clothing surface, the required 
condition is fulfilled for these 3 conditions of evaporation from the clothed man, 
when Te is taken as the temperature of reference for C + R.^ In case a water film 
of appreciable thickness is present on the clothing the correct surface temperature 
is no longer Te but the temperature of the water film; this is still the temperature 
actually measured. 

The reliability of C + 7? by thermal difference where C + R = 
— {—E)—M—S — W is limited bj'' the accuracy of estimation of E, M, and S. 
In the calculation of E, use of the same value for the latent heat of vaporization 
for all skin temperatures and disregard of the energy involved in vapor expansion 
or change in temperature lead to errors which appear to be minor relative to 
other uncertainties. Also relatively minor is the error involved in disregarding 
frictional loss in correcting M for external work in the walldng experiments. 

A reliable calculation of storage from the data available and by the procedure 
here used appears to be hopeless. The internal heat distribution undoubtedly 
varied during the test period, making untenable the use of any fixed distribution 
ratio for calculation of storage. Moreover, the assumption that weighted rectal 


® This conclusion is not invalidated bj* the fact that the amount of evaporation required 
for steady state conditions varies with the path of evaporation and with the insulation of 
the various layers through which the heat must flow. The difference in evaporation can be 
thought of as producing different temperatures of the outermost surfaces. Thus, in the 
case of evaporation from wet unclothed skin (fig. lA) the equations of heat flow through the 
water film and from the water surface to the environment are : 


T'e — Tf = IjM (skin to water film) 

T/ — Ta = laQI — E) (water to air) 


which upon adding gives 

T'e -Ta= Ha + I. 


/)( M — E -■ I (skin to air) 

\ ' -t/ + -io/ 


These equations show, first, that T/ is lower than the true skin T' temperature by I/M, and 
second, that because of this lower temperature and the resulting increase in the rate of 
C + fZ transfer, the necessary E for equilibrium is higher than the E for an infinitely thin 

water film (1/ = 0) by the factor The extra evaporation can be thought of as pro- 


ducing the lower T/, 

As noted above, a similar analysis of evaporation from clothed men leads to the requisite 
equivalence of equations 3B, C, and D despite the fact that E will vary with the path of 
evaporation. Extension of the analysis permits estimation of the relative rates of evapora- 
tion required by the three possible routes of evaporation for identical skin temperatures and 
environmental conditions. Thus, since for equal temperature gradients from air-wall to 
skin {T, — Ta) the right-hand members of equations 5B, C, and D are equal and differ only 
in the coefficient of E to preserve equality, E must increase as its coefficient de- 
creases.' Hence for the same skin temperatures and environmental conditions E will be 
largest when evaporation occurs initially from the skin and recondenses and re-evaporates 
from the clothing (smallest coefficient) (C, 5), and smallest when the evaporation occurs 
from the skin without subsequent condensation in the clothing (largest coefficient) (B, 5). 
Initial evaporation from the clothing (D, 5) requires an E intermediate between these two 
rituations. 
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and skin temperatures are representative of any predictable mass of tissue re- 
mains questionable. With these uncertainties success in- partial calorimetry 
depends largely on the degree to which negligible changes in storage are incurred. 
Because of the above sources of error, and those incurred in the temperature 
measurements themselves, useful study of the C R e.xchange has been restricted 
to the two 120°F. environments. In these environments the large C + 7? e.x- 
change reduces the relative importance of these sources of error.' 

The reliabilit}’’ of the coefficients of C 4- 7? depends not only on the thermal 
difference, C R, but also on the accuracy of the temperature differences Ta — T, 
and Ta — Te . Two factors enter into the reliability of the Ta — To or «) ; the 
accuracy of the individual measurement and the reliability of the weighting 
formula. 

The weighting procedure for an average skin temperature (T,) is reasonabl.y 
reliable inasmuch as variations in temperature of individual areas are small. 
In the clothed man the weighting procedure for an average surface temperature 
{Te) is less reliable because of the greater temperature differences between in- 
dividual areas resulting from uneven wetting and the presence of folds in the 
clothing. Moreover, while the emissivity of skin may be taken as unity without 
error, a similar assumption for clothing is not valid. The effect of a low clothing 
emissivity on the measurement of Te would be to underestimate Ta — Te , both 
where the clothing temperature is above ambient {Te as calculated would be too 
low) and where clothing temperature is below ambient {Te as calculated would 
then be too high). If radiation exchange only were involved, the temperature 
error would be self-compensating inasmuch as the error could be considered as 
an apparent reduction in either emissivity or radiation area. However, a real 
error is incurred with convection exchange, since this must be related to the true 
temperature. The assumed clothing emissivity of 1 here used is probably not 
greatl}’’ in error. Crude measurements in this laboratory gave a value between 
0.85 and 0.9 for the emissivity of dry HBT. Aldrich, quoted by Wulsin (7), 
gives the value of 0.81 as the emissivity of HBT at low temperatures (60°C.). • 
These values suggest a possible error in Ta — Te of 10% to 20% and a correspond- 
C “f* 

ing error in . In the 120°F. environment, the mea.sured Te would be high 

by 1 to 2°C. Since water has a high emissivity at these temperatures, and since 
the clothing was at least partially wet in all the experiments, the error may be 
even smaller. 


RESULTS 

Nude subjects: Evaporation. Under normal circumstances the sweat-regulat- 
ing mechanism adjusts sweat output to a rate adequate to maintain thermal 
equilibrium. As the thermal stress increases, whether external or internal 
(metabolic), the sweating rate progressivelj'- increases until heat dissipation bj^ 
evaporation compensates for the heat gain of the body. With increasing sweat 
rates or with decreasing evaporative capacity of the atmosphere (high vapor 
pressure, low wind velocity) the sweat output eventually becomes high enough 
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to completely wet the surface of the subject. When that condition is reached the 
rate of evaporation becomes a function of two factors, wind velocity and the 
difference in vapor pressure between the water on tlie skin and in the atmosphere. 
However, when the wetting of the surface is not complete, then the rate of sweat 
output, hence sweat evaporation, is determined by the imposed thermal stress. 



Fig. 2. Evaporation as a function of wind velocity for nude standing subjects. 
The circled numbers correspond to the environment numbers as given in table 1. The lines 
are drawn according to the equation E/AP = 1.44V‘’ ’^. 


and the rate of evaporation per sc is independent of environmental factors. 
Consequently, if one is to evaluate the influence of wind velocity and vapor- 
pressure difference on rate of evaporation, it is necessary to confine study to those 
conditions where the rate of evaporation is limited by the capacity of the atmo- 
sphere to take up moisture, i.e., to the completely wetted condition. 

The failure of wind velocity to influence the rate of evaporation at low sweating 
rates is shown in figure 2 in which the apparent coefficient of evaporation is 
plotted against wind velocity for the 7 environments studied. In the first two 
environments the rate of evaporation is independent of wind velocity. The 
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rate of evaporation begins to increase vnth wind velocity when environmental 
dry bulb temperature alone increases (increased sweat rate), as in environments 
3 and 4, and when the evaporative capacit 3 '- of the atmosphere decreases (in- 
crease in ambient vapor pressure), environment 5. Finally, vith still greater 
reduction in the evaporative capacitj'- of the atmosphere, environments 6 and 7, 
sweat is produced more rapidly than it can be evaporated, and the coefficients 
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Fig. 3. E^^apobation as a function of wind velocity fob nude standing subjects 
To insure complete wetting only those experiments in which 10% or more of the sweat re 
mained unevaporated are included. 

Fig. 4. Compaeison of vaeious eelationships that h.^-vb been used to desceibe 

EVAPOEATION AS A FUNCTION OF WIND VELOCITY. 

Fig. 5. Coefficients of cona'ectton plus radiation plotted against wind velocity. 
Nude standing subjects. 

Fig. 7. Compabison of vaeious eelationships that have been used to describe con- 
vection as a function of wind velocity. 


of evaporation increase decisively vdth increasing wind velocity reaching limiting 
values indicated by the lines in figure 2. 

Bj" limiting consideration to those experiments where a high degree of ivetting 
is present, data useful for characterizing the influence of wind velocity on evapora- 
tion can be obtained. An objective basis for selection is to include only those 
experiments where evaporation was less than 90% of the total sweat output, 
i.e., 10% or more of the sweat dripped from the man or remained on the skin. 
Data so selected are plotted in figure 3. These coefficients show reasonably good 
grouping and suggest an exponential relationship between the coefficient of 
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evaporation and wind velocity. A line fitted to the data by the method of 
least squares yields the equation E/AP = 1.44F“‘”. The exponential relation- 
ship has precedent in the findings of Powell (4) on the rate of evaporation from 
cjdinders, and has also been suggested on theoretical grounds (5) . Studies of the 
influence of Avind velocity on evaporation from completely wetted cylinders by 
Powell (4) and Fourt (quoted in 3) have indicated that the coefficient of evapora- 
tion varies approximately as F®'®. In contrast, our results suggest that the 
coefficient is a function of F”'^. The reasons for the difference are not clear. 
Two possibilities are suggested: 1) that in our experiments complete wetting of 
the skin was not maintained at the higher wind velocities; 2) that the human 
body, though often conveniently considered as consisting of a series of cylinders, 
differs sufficiently in its actual geometrical configuration to account for the 
difference. 

In figure 4 the coefficients of evaporation obtained in this study are compared 
with those from the two studies on cylinders mentioned above and with an 
extrapolation used by the Pierce Laboratorj’’ (Id, e). The deviation of our 
results from those derived from the Pierce Laboratory equation is not surprising. 
This equation is an extrapolation bj'' a questionable procedure and is based on a 
still air evaporation coefficient. However, the differences between our results 
on man and those of Powell and Fourt on cylinders will require further study and 
eventual explanation. 

Convection and radiation. Figure 5 shows the coefficients for the combined 
C + R calculated from the nude experiments in environments 4 and 6. The 
points are moderately well grouped and fall around a smooth curve. Since a 
certain amount of leeway is possible in fitting a curve to these points, a number 
of curves considered equally probable were dravm and analysed. If the assump- 
tions are made that the convection coefficient is related to an exponential function 
of F and that the radiation coefficient is independent of F, the following equation 
is suggested : 

- (» + bV) 


where a corresponds to the radiation coefficient. Differentiation of this expres- 

C R / 

sion suggests that plotting of log - / AF against log F should give a straight 


line having a slope equal to (c — 1) and an intercept equal to log be. Establish- 
ment of h and c permits calculation of a. Values of a can be calculated for each 
pair oi C + R and F values, and the results so obtained then averaged. Alter- 
natively C R can be plotted against the appropriate function of F, and a line 
fitted by the method of least squares. This procedure, which fixes both a and h, 
is illustrated in figure 6A for F (F) = F®’®. Treatment of the several curves in 
this way leads to a series of equations whose limiting values are expressed in the 
two equations 


C + R 
AT 


6.85 -f 0.23F®-®' 


( 1 ) 
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and 

(2) 0.537“-®. 


The equation describing convection as function of 7“"® is tentatively favored 
for several reasons. The \/V relationship leads to a more acceptable value for 

R/AT. The theoretical value of the coefficient, Tp; — = 4.92 X 10~®(7’^ — Ti) 

is 6.19 at the appro.ximate temperatures of these e.vperiments (37°C. and 48°C.). 
The value of 6.85 (equation 1) is thus too high even if the effective radiation area 
were equal to the man surface area. The coefficient of 5.65 (equation 2) gives 
in relation to the theoretical value of 6.19 a radiation area of 91%; this is rea- 



VsWtND VELOCITY- feet/minute 

Fig. 6. Convection plus radiation versus wind velocity. Circles: 120°F, D. B., 
78‘’F, W. B. Triangles: 120°F, D. B., 88°F, W. B. The coefficients are based on the tem- 
perature difference from air to skin (a — s) in the nude experiments dnd air to clothing 
(a — e) in the clothed experiments, and on actual skin surface area, not the clothed surface 
area. 


sonabty close to the estimated value of 80%. In addition, equation 1 leads to 
lower values for C/AT at veiy low wind velocities than does the second equation. 
Comparison with data available on C/ AT at sucli wind velocities (Id) favors the 
higher convection coefficient given by the 7“ ® relationship (equation 2). 

Measurements of convective exchange with cylinders for a wide range of air 
temperatures, cylinder sizes and wind velocities (5) have been satisfactorily 
correlated with air movement by means of dimensionless ratios. These correla- 
tions favor the exponent of 0.6 for 7 for the range of wind velocities here studied. 
However, until data permit a more definite choice than is now possible, the -\/7 
relationship seems more satisfactory. 

The dimensionless ratio procedure has been used to extrapolate the Pierce 
Laboratoiy data to higher wind velocities (3).^“ Lines are drawn in figure 7 

With this method of extrapolation the exponent of V increases with V, consequently 
curve 2 (fig. 7) leads to higher values than curve 1 at high wind velocities. 
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to represent the original Pierce Laboratory expression, the revised form as 
extrapolated and the two expressions suggested by the present study. The 
deviation of the Pierce Laboratory data from ours probably derives from the 
different experimental conditions employed. Their air movement was turbulent, 
secured by several fans in a small booth; in our studies the flow was linear. 

No attempt has been made in this treatment to correct the convection co- 
efficients for natural convection (chimney effect). It is probable that natural 
convection contributes significant Ij^ to the coefficients at low wind velocities; 
however, inadequae.y both of the data and of the theoretical treatment of this 
problem (see McAdams, 5) makes such correction unprofitable at this time. 

The expressions suggested here for thermal exchanges ai'e presented only as a 
convenience in corrclating the data and for use in interpolation. It would be 
foolhardy to use these equations to extrapolate beyond the conditions from which 
they were derived. Moreover their application to conditions where air flow is 
not linear may not be valid. 

Clothed subjects: Evaporation. Evaporation from clothed subjects may pro- 
ceed according to several different paths. In certain situations several patterns 
of evaporation may be occurring simultaneously at different points on the body. 
Three possible paths are illustrated in figure 1 B, C, and D. In an attempt to 
define a coefficient of evaporation, it is nece.ssary to consider on what factors the 
coefficient depends. Wlienever evaporation occurs from the surface of com- 
pletely wet clothing, as in C or D, figure 1, the controlling factors are the same 
as those operative in the nude subject; namely, vapor pressure difference be- 
tween surface and air and wind velocity. The situation changes, however, when 
as in B, figure I, evaporation occurs from the skin and the water passes throiagh 
the clothing as vapor. In this case the significant vapor-pressure difference is 
that from skin to air, not clothing to air. A new factor is introduced, the dif- 
fusion resistance offered to the vapor bj’’ the elothing barrier. Though wind vel- 
ocity is .still an influencing factor, its contribution is considerably reduced by 
the interposed diffusion resistance. 

Though there is little reason to anticipate that the rate of evaporation from 
coinpletely wetted clothing would differ significantly from the rate of evaporation 
from skin, several factors in the present data prevent the demonstration of this 
probability. After the initial warm-up period, the subject donned a fresh dry 
uniform and then entered the wind tunnel for the 30-minute test period. Conse- 
quentlj'-, even with the highest sweating rates, the clothing was dry during 
a portion of the test period. Therefore, in none of the clothed experiments was 
evaporation confined exclusively to the clothing surface; a portion of the evapora- 
tion must have occurred from the skin through the clothing. 

The increased difficulties in assigning a mean temperature to the surface of a 
clothed, as compared to a nude, man have been described; these uncertainties 
influence the reliability of 7^<,(since P* is based on Te) and hence of P„ - P* and 
the evaporation coefficient, EJ h.P. 

An evaluation of the effective wind velocits’^ on a man walking in a moving air 



642 


NELSON, EICHNA, HORVATH, SHELLEY AND HATCH 


stream will be presented later. The data now to be considered have been plotted 
against the tunnel wind velocitJ^ 

Figures 8 and 10 indicate the effect of wind velocity on the coefficient of evap- 
oration for standing clothed and walking clothed men in the 7 test environments. 



Fig. 8. Evaporation as a function of wind velocity for clothed standing subjects. 
The circled numbers correspond to the environment numbers as given ih table 1. The co- 
efficients of evaporation are based oif the vapor pressure gradient from Clothing to air 
(a — e) and on the actual skin surface area of the subject, not the clothed surface area. 
Only those experiments are plotted in which 20% or more of the sweat remained unevap- 
orated. 


As in the nude subjects, the rate of evaporation is virtually independent of wind 
velocity at low sweat rates (less severe environments) , but becomes progressively 
more dependent on wind velocity as the environmental severity increases. In 
the nude experiments maximal coefficients were approached when the data was 
restricted to those situations where less than 90% of the sweat was evaporated. 
For the clothed subjects (figures 8 and 10) even vdth a still more generous allow- 
ance for wetting (evaporation less than 80%, 20% or jnore unevaporated), a 
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progressive increase in the coefRcient continues as the sweating rate increases and 
evaporative capacity of the environment decreases. This suggests that the 
allowance for wetting of the clothing is still inadequate. To test this possibility 
the data were separated into groups according to total sweat output (figures 9 
and 11) . This analysis shows a progressive increase in the coefficient of evapora- 
tion with increasing sweat rates, but. there is little to suggest that maximal rates 
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Fig. 9. Evaporation as a function of wind velocity for clothed standing subjects. 
Data as in figure 8 grouped according to amount of total sweat. 


are being approached, except perhaps for group 4, figure 11, which includes the 
highest sweat rates. 

In a further analysis of group 4, the tunnel wind velocity was corrected for the 
increased motion of the arms and legs by adi^ing 150 feet/minute (explained in 
the next section) to all ivind velocities, and the coefficients were corrected to a 
clothed surface area, using a factor of 1.3. These corrections permit comparison 
of the coefficients for clothed men directly with the coefficients determined on 
nude subjects (fig. 12). Since most of the points fall below the values for the 
nude subjects, incomplete wetting of the clothed surface occurred in even the 
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most favorable situation, indicating that in none of the clothed experiments have 
maximal surface coefficients of evaporation been reached. 

The 20% allowance of unevaporated sweat is probably more than adequate to 
ensure complete wetting of the skin. Hence it seems likely that the measured 
rates of evaporation under such conditions can be considered as maximal co- 
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Fig. 10. Evaporation as a function of wind velocity for clothed walking subjects. 
The circled numbers correspond to the environment numbers as given in table 1. The co- 
efficients of evaporation are based on the vapor pressure gradient from clothing to air 
(a — e) and on the actual skin surface area of the subject, not the clothed surface area. 
Only those e.xperiments are plotted in which 20% or more of the sweat remained unevap- 
orated. 


efficients, not for completel}'^ wetted clothing, but for partially wetted clothing 
where the evapoi’ation occurs to varying degrees through several paths: a) from 
wet skin through the diy clothing, h) from the surface of Avet clothing. 

The situation is a complex one and is not susceptible to simple analysis or 
presentation in a form likel}’’ to be generallj’’ useful. The presentation given 
in figures 9 and 11 ma}' be useful for some purposes. It should be noted, how- 
ever, that the coefficients are calculated on the gradient from the clothing surface 
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to air. This is not the significant gradient for evaporation from the skin through 
dry clotliing. Data are available on the influence of fabric porosity on the 
evaporation coefficient (Fourt, 3). However, the}'’ are of little help in the 
absence of a basis for determining the proportion of evaporation that occurs from 
the skin through clothing. Lacking such information, the most useful puipose 
of the present data is to give gross coefficients of evaporation for a range of sweat 
rates. 
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Fig. 11. Evapokation as a function of wind velocity for clothed walking subjects. 
Data as in figure 10 grouped according to amount of total sweat. 


Convedion and radiation. The effective wind velocity increase resulting from 
the arm and leg motion of walldng has been estimated by direct comparison of the 
* coefficients of evaporaton and convection of standing and walking men (fig. 

13) . The chart shows for the 120°F. environments 4 and 6 and E / AP for 

AT 

those experiments where the total sweat output was between 1400 and 2100 
grams/hour. The abscissal differences between the curves dra’wn through the 
points are given in table 5 and suggest that the effective wind velocity for a 
walking man is increased by 80 to 200 ft/min. above the measured air velocity 
in the tunnel. The intermediate value of 150 ft/min. is used below (also fig. 
12) to correct the measured wind velocity in the walking experiments. l^Tiere 
this is done the sjnnbol V is used, where V = F + 150. 
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The procedure used for separating C from R in the clothed experiments is 
based on the assumption that C/AT is functionally related to vdnd velocity in 
the same way in the clothed tests as in the nude ones. To this end the values of 

are plotted against ■\/V in figure 6 B and C. Lines fitted to the points 
by the method of least squares give the equations 


Standing clothed, — = 2.66 + 0.65 Vf 



100 200 400 600 800 1000 

WIND VELOCITY + 150 
FEET / MINUTE 

Fig. 12. Coefficients of evaporation for clothed walking subjects corrected for 
clothing surface area and for the apparent increase in wind velocity due to walking. In- 
cludes only those experiments in which sweat rates ranged between 2000 and 2700 grams/hr. 


Consider first the coefficients of R'. Since the walking man has a larger effec- 
tive radiation area than the standing man, the values 2.66 and 3.43 qualitative!}’' 
bear the correct relationship to each other. Quantitatively their ratio of 0.79 is 
somewhat lower than would have been expected on the basis of estimated radia- 
tion areas of 80% and 90% for the two conditions, respectively. 

The absolute values of these radiation coefficients are much lower than antici- 
pated and no reasonable explanation has been found for the discrepancy. Due 

R 

. to the larger surface area of the clothed subject, the for the clothed man 
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should be 20% to 30% higher than for the nude man unless the clothing emis- 
sivity is low. This possibility appears to be ruled out by the data available on the 
emissivity of the clothing worn. 




WIND VELOCITY - FEET/'mINUTE 


Fig. 13. Illustration of the method used to estimate the influence of walking on the 
apparent wind- velocity. Smooth curves are drawn through the points from the standing 
clothed experiments (open circles) and walking clothed experiments (closed circles). The 
abscissal displacements are listed in table 5. A, presents evaporation coefiicients for stand- 
ing and walking experiments where the total sweat rates are in the same range. B and C 
show similar comparisons of convection plus radiation coefficients for environments 4 and 6, 
respectively. ' ’ 


The convection coefficients C/AT = 0.65 Vv and 0.66 VV' are in good agree- 
ment. Their ratios to the corresponding value (0.53) for the nude subjects are 
1.23 and 1.24 which are perfectly compatible wth the anticipated increase in 
surface area of the clothed men. 
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Nevertheless, the total 


C + R 
AT 


is lower than can be explained. 


The question 


may therefore be raised, whether the satisfactory values for C/AT may not be 
fortuitous and whether the net deficit of C + 7? should be distributed between 
both the convection and radiation coefficients, making both coefficients too low. 
Since the possible error in measurement of Ta — Tc from assuming too high a 


value for clothing emissivity tends to underestimate Ta — 7'e 
be still lower if the correct Ta — Te were used. Thus, though 


C + R 


’ AT 
G + R 
AT 


would 


as calcu- 


Table 5. Apparent increase in wind velocity with walking 
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^ ^ Env. 6 
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22 
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15 
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13 
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lated is low, the full extent of this deficit may have been concealed by dividing 
by a too small AT. 

From a practical standpoint, convection or radiation to clothed men is most 
satisfactoril 3 '' defined in terms of the effective insulation of the clothing. How- 
ever, the evidence that E can vary according to the path of evaporation inde- 
pendently of clothing insulation indicates that difficulty may be expected in 
characterizing clothing insulation from the data available. This is further shown 


T — Te. 

b 3 ^ equations B, C and D of figiu’e 1, where yj/ ^ is related to the various insula- 

tion coefficients and to M and E. In the simplest situation, 6B, the clothing 


insulation Ic -f /.• is equal to 


Tc - Ta 


and in this case I c -|- /.-can be calculated. 
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Ts — Te . 

When, however, evaporation deviates from this route as in C and D, la ^ is 

( J- a 

no longer a simple function of the clothing insulation. 




10 15 20 30 40 60 80 100 150 200 300 400 600 8Q,0 1000 


Fig. 14. cijGthing insgiiAtiou m hegatmon to xiiievapobated sweat. 

S^fFiG. 15. Rounded values op coefficients of convection, radiation and evapora- 
tion, NUDE subjects. 


Recognizing this, but in an effort to cast some light on the effect of clothing 
wetness on its insulation, h (^or ^ p - " has been plotted against 
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unevaporated sweat in figure 14. The result, as anticipated, suggests that with 
increasing wetness of clothing its conductance increases. 

Two factors suggest that the apparent insulation as plotted in figure 14 may 

\ T — T 

be reasonablj'- valid: First, in condition C (fig. 1) the value plotted, 

J- e J- a 

should differ only slightly from the true clothing insulation, /,• + h , since the 
coefficient of E in the denominator of equation 6C can be expected to be very 
close to one. Second, condition D, fig. 1, requires that Te be lower than Ta . 
In the condition here treated, where Ta is higher than Te , a negative ratio, 
Ta — Te 

— ^ ^ would result if condition D dominated. The absence of negative values 
in figure 14 suggests that evaporation according to path D is relatively minor. 

DISCUSSION 

The results of the anatysis of the experiments wth nude subjects appear 
fruitful. The coefficients of the three exchange paths studied, convection, radi- 
ation and evaporation, are all consistent noth expectations and with the limited 
data available for comparison. The data for evaporation has no counterpart; 
the onlj'- reasonable comparison is unth the data of Powell and Fourt (4, 3). 
The differences revealed by this comparison are perhaps not larger than would be 
anticipated, taking into account the scatter of our results and the inherent dif- 
ferences in the type of experiment. Further study is desirable on many grounds, 
but especially needed is an answer to the possible criticism that incomplete 
wetting was present in our experiments at the higher wind velocities. 

The independent estimation of the radiation coefficients yields a satisfying 
confirrhation of earlier work. As more information accumulates over e.xtended 
ranges 6f conditions, the adequacy of the theoretical description of radiation 
exchange as applied to nude men becomes more apparent; 

As with radiation, the descriptions here offered for convection exchange in 
nude men fall largely into the category of extension of available information to 
different conditions of air flow and to more severe environmental conditions. 
The most useful information on convection exchange at high ivind velocities will 
probablj’’ come from study of linear air flow which occurs much more frequently 
at high vdnd velocities than does turbulent flow. 

For practical use, the following rounded values are suggested for the coefficients 
derived from the nude experiments: 

Evaporation, E/AP = 1.4F®'^ 

Convection, C/AT = O.SF”'® 

Radiation -j- convection (120°F.), — ~ + 0.5V°'^. 

In these equations thermal exchange has the units Cal/MVhr/°C. or mm.Hg, 
and air velocity is e.xpressed as feet/minute. Lines draivn from these equations 
are shown in figure 15. 
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The results from the experiments Mnth the clothed subjects are perhaps most 
useful insofar as thej’’ point out the complexity of the problem and the difficulties 
likely to be encountered in applying the method of partial calorimetry. Most of 
the uncertainties of the present analysis would be eliminated if a complete heat 
balance were available. The evaporation coefficients require complete restudy 
under conditions insuring better control and greater uniformity of wetting, a 
difficult but very practical and important task. 

The data presented here on the gross coefficients of evaporation for clothed 
men are of very limited usefulness, but until better information is available, 
they may serve to fix the order of magnitude of evaporation from partially wet 
clotliing. 

‘With respect to the convection and radiation coefficients from the clothed 
men, two alternatives are offered. The easiest course at the moment is to dis- 
regard the results on the basis of inadequate definition of the surface temperature, 
or measurement of storage, or both. On the other hand, if we are to accept the 
eminently reasonable values found for C/AT we are forced into the necessit}" of 
accepting what at present appears to be an unacceptable value for clothing 
emissivity. 

SUMMARY 

1. Coefficients of thermal exchange for nude men standing and for clothed 
men, standing and walking, have been estimated by partial calorimetry in 7 
environments and at 5 Mnd velocities. Dry bulb temperatures ranged from 
’90°F. to 120°F; vapor pressures, 13 to 36 mm.Hg; wind velocities, 30 to 600 ft/ 
minute, 

2. In nude subjects the maximum coefficient of evaporation can be described 
by the equation E/AP = 1.4V”'^. 

3. Sweating rates adequate to measure the maximum coefficients of surface 
evaporation in clothed men' probably Avere not reached. Charts presenting the 
coefficients actually found are shown. 

4. Coefficients of convection for nude men can be described by the equation 
C/AT = O.SVF. 

_5. Estimates of the convection coefficient for clothed subjects gave values 
23% and 24% higher than the coefficient found for nude subjects. This is 
consonant with estimates of the ratio of the surface area of clothed to nude men. 

6. The coefficient of radiation for nude subjects Avas 5.7 Cal/MVbi’/°C. 
This value is in agreement A\dth a theoretical coefficient based on emissivities of 
AA’all and sldn of 1 and a radiation area equal to 91% of the surface area. 

7. The coefficients of radiation for clothed subjects AA^ere much lower than 
AA*ould be predicted from reasonable assumptions as to emissivity of the clothing 
surface. No explanation of this discrepancy is offered. 

8. Movement of the arms and legs AA'hile walking resulted in an increase in the 
apparent AAond velocity. This amounts to approximately 150 ft/min. over the 
tunnel air fioAv AAffien subjects walk at a 3 m.p.h. pace. 
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